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Abstract 
 
 
Marine reserves (MRs) have been established in many parts of the globe for a variety of 
reasons and there is an increasing body of evidence that indicates they provide a wide 
range of benefits that can extend beyond their boundaries. In the present study, the 
biological effects of protection provided by MRs in New Zealand were evaluated, 
particularly focusing on the potential impacts of reserves on non-protected areas in 
terms of export of biomass.  
 First, the biological response of two exploited species to MR protection in New 
Zealand was quantified by comparing meta-analysis results based on response ratio 
(RR) analysis and Hedges’ g statistics. Then, effect of MR size and age on those 
biological responses was determined. Most MRs supported a greater density of larger 
individuals than unprotected areas. Results indicated that the benefits provided by MRs 
scale with reserve size. Also, MR age explained a significant amount of the variation in 
the density and length of both species. Comparison of the performance of RRs with 
Hedges’ g revealed that RR analysis is an appropriate alternative to Hedges’ g statistic 
for meta-analyses of MR effectiveness because of its ease of use and interpretation. 
 Then, a 14-year time series of fish density data was analyzed to determine early 
changes in a multi-species fish assemblage inside the Taputeranga Marine Reserve 
(TMR) compared to adjacent fishing grounds using a Before and After Control-Impact 
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Paired Series (BACIPS) design. This analysis was performed in order to detect changes 
in fish density due to protection. Commercial, recreational and traditional fisheries are 
important in this region and the biomasses of several exploited species have been 
substantially depleted as a result of fishing. The exclusion of fishing from the area 
should enable at least some species to recover inside the reserve, as has happened in 
other reserves in New Zealand. The faster growing, more productive species, and those 
that have been heavily exploited are expected to recover within a few years. Early 
changes in density were evident in the area protected by the TMR for most of the 
species surveyed in terms of the effect size analysis. However, most of the changes were 
too small to be detected with the statistical analyses that were performed.  
 To determine the most appropriate methodology to be used in a later survey in the 
study area, two Baited Underwater Video (BUV) methodologies (Horizontal versus 
Vertical set-up) were compared in terms of their ability to record the density and size of 
reef fish. Results indicated that both the horizontal and vertical BUV techniques are able 
to detect both conspicuous and cryptic species and both techniques were effective in the 
detection of carnivorous species, especially large predatory species such as blue cod, but 
also effective in the detection of fish species that have been overestimated in terms of 
abundance by other methodologies. The horizontal BUV technique seems to be a better 
technique for evaluating reef fish size, especially when measuring large fish that exhibit 
highly aggressive behaviour. The horizontal BUV technique was later used in 
conjunction with the Underwater Visual Census (UVC) technique to assess the effects of 
the protection provided by the TMR. A multispecies analysis was carried out to detect 
any differences in density and length of fish between reserve and fished areas and to 
detect gradients of fish density across reserve boundaries that could be related to the 
occurrence of spillover from the reserve to adjacent fished areas. Density gradients 
provide indirect evidence of spillover, defined as the movement of adult individuals 
from reserve to adjacent non-protected areas. Little evidence consistent with a positive 
effect of reserve protection in the TMR was found. Also, little evidence of spillover was 
found, with theexception of two target species (blue cod and blue moki). In contrast with 
the findings of previous studies, density gradients were found for both sedentary and 
vagile species. These results are consistent with the occurrence of density independent 
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spillover that is expected to occur as soon as the density inside reserve areas is higher 
compared to fished areas. 
 To further understand the patterns of fish movement relative to the effect of 
protection provided by MRs, spatial differences in density, length and survival of blue 
cod inside the TMR and adjacent fishing grounds  and the movement patterns of the 
species across the boundaries of the reserve through a capture-mark-recapture (CMR) 
analysis were examined. CMR studies can provide direct evidence of spillover. 
Evidence of a positive effect of reserve protection in the TMR for blue cod in terms of 
increased density, length and survival in reserve areas was found. Also, evidence of high 
site fidelity of blue cod in both reserve and fished areas, with the majority of individual 
moving only short distances was found. However, the potential for this species to also 
travel long distances (>100 km) was confirmed, suggesting the possibility for spillover 
of the species from reserved to fished areas. 
 Overall, the results of my thesis indicate that New Zealand MRs, consistent with a 
large body of earlier evidence, are having positive effects on the abundance and size of 
the species that afford protection to. These results also highlight that both MR age and 
area are important factors determining the response to protection both in terms of the 
effects within reserves and on adjacent non-protected areas. Finally, my results highlight 
the fact that the greater benefits in terms of increased abundance and size, and also 
movement across reserve boundaries, are obtained for highly exploited species that can 
potentially move between areas. 
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General Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
2                                                                                             CHAPTER 1. GENERAL INTRODUCTION 
 
 
1.1 Overview of the use of conventional fishery management 
tools 
 
Marine ecosystems worldwide are seriously threatened by human activities (Claudet et 
al. 2010, Navarrete et al. 2010). Fishing is one of most serious impacts on marine 
systems (Hyrenbach et al. 2000, Jackson et al. 2001). Evidence suggests that major 
structural and functional changes have occurred in marine systems due to overfishing 
over many centuries (Botsford et al. 1997, Jackson et al. 2001, Vié et al. 2009). 
Reviews of the impact of fishing on a range of marine ecosystems show that harvesting 
of some species, especially predators, can have a major impact on ecosystems (Jennings 
& Kaiser 1998, Pauly et al. 1998, Jackson et al. 2001, Worm et al. 2006). Interestingly, 
ecological changes due to overfishing are strikingly similar across ecosystems and the 
magnitude of losses have been enormous in terms of biomass and abundance of large 
animals (Jackson et al. 2001). For example, Worm et al. (2009) found an increasing 
trend of stock collapses over time, such that 14% of assessed stocks (from a total of 166 
stocks evaluated) had collapsed in 2007. They used 10% of unfished biomass as a level 
to define collapse suggesting that at such low abundance recruitment may be severely 
limited and species may cease to play a substantial ecological role. However, Worm et 
al. (2009) also found that the average exploitation rate was at or not far below the rate 
predicted to achieve maximum sustainable yield. This estimate is in the same range as 
figures provided by the United Nations Food and Agriculture Organization (FAO), 
which estimated that 19% of stocks were overexploited and 9% depleted or recovering 
from depletion in 2007 (FAO 2009). Also, the FAO in 2012 estimated that most of the 
stocks of the top ten species, which account in total for about 30% of world marine 
capture fisheries, are fully exploited and therefore have no potential for increases in 
production. In a global meta-analysis of overfished stocks, Neubauer et al. (2013), 
suggested that the majority of stocks are resilient to moderate overfishing and have a 
good chance of recovering within 10 years if fishing pressure is reduced rapidly and 
substantially, but for many currently depleted stocks, continued overfishing not only  
delays rebuilding but also substantially increases the uncertainty in recovery times. In 
addition, the impacts of fishing are not only on the target species, but there are also 
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unintended consequences of fishing including habitat destruction, incidental mortality of 
non-target species, evolutionary shifts in population demographics, and changes in the 
function and structure of ecosystems (Botsford et al. 1997, NRC 2002, Pikitch et al. 
2004, Harnik et al. 2012).  
A growing awareness of the number of managed fisheries that have declined to low 
levels has led to disenchantment with conventional fishery management tools (Browman 
& Stergiou 2004, Botsford et al. 2009). It has been argued that conventional 
management approaches like Maximum Sustainable Yield (MSY) have contributed to 
the failure of regulations that aim to sustain fisheries mainly due to the substantial 
uncertainty associated with fishery stock assessment and management. In many cases 
the relationship between sustainable yield and fishing effort is not known with sufficient 
confidence to prevent pressure for increased yields from driving fishing rates to 
excessive levels (Ludwig et al. 1993, Botsford et al. 1997, Hart 2013). However, 
Hilborn (2007a) suggested that there is a conflict in the perceptions of the status of 
fisheries and marine ecosystems that comes from a focus on abundance-based analysis 
as opposed to sustainable yield and that some fish stocks might be at relatively low 
abundance, indicating failed management to some, while still producing at or near MSY, 
indicating success to others. Thus, in terms of MSY, declines in abundance as the 
fishery develops are an inevitable consequence of achieving sustainable yield, but are 
often seen as signs of serious concern by those interested primarily in abundance 
(Hilborn 2007a). It is important to clarify that successive fisheries modelling derivations 
have been proposed in order to reduce in fishing mortality near FMSY (fishing mortality 
needed to achieve MSY), and consequently reduce the probability of overfishing and 
stock collapse, in exchange for slightly reduced expected yield (e.g., Hart 2013). 
On the other hand, it has been argued that for many temperate species there is 
nothing fundamentally wrong with either the methodology of stock management or the 
available effort controls used in conjunction with other management tools (e.g., Total 
Allowable Catches and Quotas) and that, in those cases when fishing effort has been 
implemented effectively, fisheries have been managed successfully (Cunningham 2005, 
Kaiser 2005). Hilborn (2007a) suggested that the effectiveness of fisheries management 
world-wide differs considerably, and fisheries management is working in some places 
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and failing in others, suggesting that in many countries (e.g., USA, Iceland, New 
Zealand and Australia) management systems, such as dedicated access privileges (e.g., 
Cooperatives, Community Development Quotas and Individual Transferable Quotas), 
are working to achieve sustainable fisheries. Furthermore, Halpern et al. (2012) created 
an index to assess the health and benefits of the couple human- ocean system. The index 
comprised ten diverse public goals for a healthy system (e.g., biodiversity, coastal 
protection, fisheries and clean waters among others). They found that, globally, the 
overall index score was 60 out of 100 (only 5% of the countries scored higher than 70 
and 32% scored lower than 50). “Biodiversity” scores were surprisingly high reflecting 
that relatively few know marine species risk extinction (Halpern et al. 2012).  
While there is disagreement over just how severely depleted some fish stocks are, 
and on whether and how quickly they will recover, all agree that many stocks are 
overexploited and current levels of overcapacity in the world‟s fishing fleets are not 
sustainable (Browman & Stergiou 2004). Although for a long time the goal of 
management, generally based on single-species assessments (see Botsford et al. 1997), 
was to manage populations for maximum possible output for humans, over the last few 
decades there has been increasing recognition within fisheries management agencies that 
there are a range of benefits to be obtained by maintaining fish stocks at levels higher 
than would produce MSY and that traditional fisheries management objectives of 
maximizing yield and employment lead to heavily exploited stocks (Hilborn 2007a, b). 
Probably, the major problem is that the concept has rarely been treated seriously as a 
fishing target and is therefore routinely exceeded, often substantially (Browman & 
Stergiou 2004). Indeed, fishing mortality rates exceeding 2 to 3 times the single-species 
optimum have been common in the past and still exist in many fisheries, usually driven 
by political pressure to allow greater short-term benefits to society (Botsford et al. 1997, 
NOAA 2002, ICES 2003, Browman & Stergiou 2004). However, Costello et al. (2008), 
by compiling a global database of fisheries institutions and catch statistics, showed that  
rights-based catch shares can provide individual incentives for sustainable harvest and 
promote local stewardship, sometimes stopping, and even reversing, the global trend 
toward widespread collapse. Costello et al. (2008) suggested that institutional 
regulations have the potential for greatly altering the future of global fisheries. 
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1.2 Alternative fishery management approaches 
 
In light of documented effects of fishing on the marine ecosystems, in recent decades 
there has been a growing call for biological objectives associated with reducing fishing 
impacts and the protection of non-target species and ecosystems (Pikitch et al. 2004, 
Hilborn 2007b, Halpern et al. 2010, Fraschetti et al. 2011). Increasingly, attention has 
focused on alternative management approaches, including Marine Protected Areas 
(MPAs) defined by the International Union for Conservation of Nature (IUCN) as “a 
clearly defined geographical space, recognized, dedicated and managed, through legal or 
other effective means, to achieve the long-term conservation of nature with associated 
ecosystem services and cultural values”. MPAs have been considered a precautionary 
approach to deal with management failures in case of poor stock assessments and/or 
inadequate political will to set adequate management tools at biological and economic 
sustainable levels. Furthermore, MPAs are especially important in light of 
environmental fluctuations that are recognized as a source of major uncertainty in 
fisheries (Lauck et al. 1998, Sanchirico 2000, Allison et al. 2003). However, in many 
countries, the broad concept of MPAs has little practical value for marine planning and 
management (Ballantine 1999, Ballantine & Langlois 2008, FAO 2012). MPAs vary 
greatly in their regulations and their utility for conservation likely varies considerably 
based on the level of protection afforded, making it difficult to generalize the benefits of 
MPAs (Mora et al. 2006, Lester & Halpern 2008). Indeed, some studies have shown that 
MPAs do not offer effective protection for some species and habitats (see Kelleher et al. 
1995, Kaiser 2005).  
In contrast to the broad term „MPAs‟, marine reserves (i.e., MRs areas of the oceans 
where no disturbance is allowed; Lubchenco et al. 2003), have emerged as a more 
simple concept for marine planning that can be easily understood by non-experts 
(Ballantine 2014). MRs offer the greatest protection for marine resources and ecosystem 
and represent the extreme case of the precautionary approach to managing marine 
resources and do not replace other management systems, but are additional to, and 
supportive of them (Lubchenco et al. 2003, Browman & Stergiou 2004, Roberts et al. 
2005, Ballantine 2008, Lester et al. 2009, FAO 2012).  
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Worldwide, MRs have been established for a variety of reasons and supported by a 
variety of legislation, with many scientists believing that they provide a wide range of 
benefits (Lubchenco et al. 2003, Roberts et al. 2005). Today, under a variety of names, 
MRs exist in many biogeographic regions of the world, and protect a wide range of 
habitats. They can operate successfully for a range of cultures, economies and 
government systems and there are reasons to believe that they would function equally 
well in all regions and provide wider benefits (Ballantine 1999, Ballantine & Langlois 
2008). Effects of reserves vary for different taxonomic groups and for taxa with various 
life stories characteristics as a function of MR design (e.g., Blyth-Skyrme et al. 2006, 
Lester et al. 2009, Claudet et al. 2010). In conservation terms MRs may allow the 
recovery, defined as the increase in abundance and/or size of individuals inside MRs, of 
a full range of marine biodiversity protecting both species and their habitat, providing 
favourable conditions for the development of populations and allowing the maintenance 
of natural ecosystem structure and functioning (Roberts & Hawkins 2000, Ballantine 
2014). 
The recovery of previously targeted species is one of the most commonly reported 
effects of MRs. Several studies have suggested that many species, especially those that 
are actively targeted by fisheries, increase in density and/or size inside MRs (e.g., 
Mosquera et al. 2000, Côté et al. 2001, Halpern & Warner 2002, Halpern 2003, Pande et 
al. 2008, Lester et al. 2009). Also, several studies have suggested that the response to 
protection occurs rapidly after only a few years following reserve establishment 
(Halpern & Warner 2002, Ballantine & Langlois 2008, Díaz- Guisado et al. 2012). Even 
though many reports evaluating the impacts of MRs have been published worldwide but 
it is difficult to identify general trends in MR performance for different species at 
different geographic locations and for different time periods. Also it is difficult to 
predict the biological outcomes because MRs vary considerably in the extent and 
direction of their response (Pande et al. 2008). Furthermore, very few studies have 
reported the effect of marine reserves at broader scales and included long-term data (but 
see Davidson et al. 2009, Stobart et al. 2009, Babcock et al. 2010, Rife et al. 2013).  
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1.3 Marine reserves in New Zealand 
 
In New Zealand (NZ), MRs are areas where all forms of extractive use including 
commercial, traditional and recreational fishing are prohibited and have been created 
under The Marine Reserves Act 1971 for the purposes of “preserving the marine 
environment in the natural state as the habitat of marine life for scientific study”. In fact 
NZ MRs have constituted an important tool that have allowed scientists to collect 
information on coastal marine environments because they act as a control or baseline 
reference of how marine systems are structured and function in the absence of 
disturbance produced by fisheries (e.g., Pande et al. 2008, Eddy 2011, Ballantine 2014). 
Indeed the establishment of MRs allows a whole range of new comparisons to be made 
and ultimately, such knowledge is important for successful conservation and 
management of exploited areas, allowing more informed decision making about marine 
conservation (Creese & Jeffs 1992, Ballantine 1991, Halpern & Warner 2002). Also, 
recently, reserves have been incorporated into assessment models for data-limited 
fisheries management becoming a key reference point for estimating spawning potential 
and yield per recruit. Wilson et al. (2013) suggested that the use of reserve- based 
approaches can be carried out in many fisheries for sedentary near-shore species with a 
dispersive larval stage and may provide a simple and cost-effective strategy for the 
management of local resources. 
The first reserve in NZ, the Cape Rodney - Okakari Point (CROP) MR, was 
established in 1975 and after nearly 40 years there are now 37 no-take MRs, protecting 
~ 7.0% of NZ‟s territorial waters (Department of Conservation 2014). In the CROP MR, 
it took more than 20 years before major habitat changes occurred (Babcock et al. 1999), 
but after that several studies have suggested the recovery of previously target species, 
mainly fishes, but also some invertebrates (Kelly et al. 2000, Taylor et al. 2003, Haggitt 
& Kelly 2004, Haggit et al. 2008). Some of these studies have detected indirect changes 
in this reserve, for example, trophic cascades that have been caused by the recovery of 
previously fished predators such as snapper (Pagrus auratus), which were almost absent 
from the region before the reserve was established, and also rock lobster (Jasus 
edwardsii). From the experience of the CROP MR ecological changes in MRs are 
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considered to be complex and often ecologically important; they can also occur a long 
time after the reserve is established and there is no theoretical limit to this development 
(Ballantine & Langlois 2008). 
In the last few decades scientific research has increased in NZ and ecological 
monitoring programmes have been established in many of the existing MRs. As for the 
CROP MR, many other NZ MRs have reported similar effects for specific species, with 
most of the emphasis focusing on the economically important species such as blue cod 
(Parapercis colias) and rock lobster (J. edwardsii). Both these species are widely 
distributed throughout New Zealand and are under heavy fishing pressure because they 
are targeted by both the commercial and recreational sector and also have a large Mãori 
customary value in many areas (Ministry of Fisheries 2008). 
Even though the first years after the establishment of the first MR in NZ were 
difficult, considerable progress has been made and after more than 30 years the creation 
of new reserves is still a priority for the government and therefore the generation of new 
information on the effects of reserve protection is still valuable. The evidence and theory 
from examples worldwide shows that MRs perform vital roles in ecosystem protection. 
Consequently many managers and politicians world-wide have stated their intent to 
establish networks of MRs to protect all different types of marine habitats (Pande et al. 
2008, Walls 2008). In some countries this is already happening, for example, the first 
representative system of marine reserves in the world was established in Victoria, 
Australia in 2002 and a year later a representative and replicated system was created 
around the northern Channel Islands off the California coast. Also, in 2004 a major 
system of MRs was established in the Great Barrier Reef Marine Park (Australia). 
Appropriately designed and managed MR networks can have many benefits compared 
with a single MR. A network may be more flexible with regard to the distribution of 
social and economic costs and benefits among various stakeholders and users, while still 
achieving fisheries management and biodiversity conservation objectives (Gaines et al. 
2010, FAO 2012). 
Even though a large body of literature exists, i.e., several monitoring results have 
shown increases in the mean size and/or density of some species at MR sites compared 
with unprotected areas (e.g., Kelly et al. 2000, Taylor et al. 2003, Freeman 2008, 
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Davidson et al. 2009), it is still difficult to assess the possible conservation benefits of 
multiple MRs across NZ based on individual studies. Indeed, the responses in newly-
created reserves are not predictable even after 50 years of experience with MRs 
(Langlois & Ballantine 2005). Furthermore, there is very little information on the 
biological or economic effects of MRs outside the protected areas and how these factors 
can affect success. The lack of information inhibits policymakers from assessing the true 
net costs and benefits of establishing MRs, and from gaining a true picture of where and 
under what conditions they will be effective (Sanchirico 2000). Even though fisheries 
enhancement is not a primary reason for MR designation in many countries, in general, 
fully protected areas are expected to support external fisheries by the net exportation of 
biomass in the form of larval export (“recruitment effect”) and the export of juvenile and 
adults, hereafter referred as “spillover” (Gell & Roberts 2003a). Larval replenishment 
through dispersal of larvae from females protected within reserves has received far 
greater conceptual emphasis than spillover (Kellner et al. 2008). Although many 
scientists believe that larval export occurs from protected areas, it has been very difficult 
to demonstrate (Pelc et al. 2010). Inherent difficulties in collecting and interpreting the 
data needed to document larval export may explain the relative scarcity of empirical 
evidence (but see Bell 2008, Cudney- Bueno et al. 2009, Pelc et al. 2010, Harrison et al. 
2012). Therefore, spillover is usually referred as the only tangible index of potential 
fishery benefit of MRs. There have been several well documented cases of spillover for 
a wide range of exploited species (see Russ 2002, Gell & Roberts 2003a). Although 
potential gains from spillover are predicted to be only moderate compared to those 
derived from larval export, the occurrence of spillover may play a critical role in 
convincing fishermen to support establishment and maintenance of reserves (Russ & 
Alcala 1996, Abesamis et al. 2006a). However, more convincing evidence is still 
required.  
The Taputeranga Marine Reserve (TMR), located on the south coast of the capital of 
New Zealand, Wellington, was gazetted in 2008. This reserve, like most of reserves in 
the country had a long period of gestation (i.e., formal application for the reserve was 
made in October 2000) that have involved the work of local residents, scientists at 
Victoria University of Wellington and the Royal Forest and Bird Protection Society of 
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New Zealand (Gardner et al. 2008). As part of the process, a baseline survey was 
conducted during an early stage of the proposal for the reserve, between 1998 and 2000. 
The historical assessment of the efficacy of MRs in NZ has not been possible (but see 
Pande & Gardner 2008) and, as a consequence, monitoring typically involves the 
comparison of sites inside MRs with non-MR or control (fished) sites (i.e., „inside‟ 
versus „outside‟ comparisons). In this context, the study of the changes occurring in the 
TMR provided a unique opportunity to quantify the ecological changes associated with a 
newly established full no-take marine reserve and further monitoring of the reserve will 
represent one of the most comprehensive and robust baseline data sets available 
anywhere in the world. 
 
 
1.4 Thesis structure  
 
In this thesis, the biological effects of protection provided by MRs in New Zealand were 
evaluated, particularly the potential impacts of reserves on non-protected areas in terms 
of export of biomass.  
The specific objectives of this thesis are to: (i) quantify the effects of age and size of 
marine reserves on the density and size of targeted species to determine the biological 
effects of protection provided by marine reserves using New Zealand examples; (ii) 
examine changes in density and size of fish species protected in the Taputeranga Marine 
Reserve (TMR) and adjacent fishing grounds to determine early changes in the fish 
assemblage due to protection; (iii) examine spatial differences in fish density and size 
between reserve and fished areas and movement of fish through the boundaries of the 
TMR to determine the occurrence of spillover from the reserve to fished areas.  
In chapter two, a meta-analysis was carried out in order to detect the effect of New 
Zealand marine reserves in the density and size of two targeted species, blue cod and 
rock lobster. Both published and unpublished data were used, including data from 13 
New Zealand MRs, each of which was sampled at different times over a maximum time 
period of ~30 yr. A comparison of a meta- analysis based on Hedges‟ g statistics and a 
new approach based on a response ratio (RR) analysis was performed. Also, the effect of 
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MR size and age on biological responses was evaluated. 
In chapter three, a multispecies analysis was carried out in order to detect early 
changes in the fish assemblage inside the TMR and in the adjacent fishing grounds in 
the form of spatial differences in fish density. Both a before- after control -impact paired 
series design (BACIPS) and a response ratio (RR) analysis were used to analyse a 
dataset that consisted of a 14-year time series obtained from several underwater visual 
census (UVC) surveys performed in the study area. 
In chapter four, a field survey was carried out in order to compare two baited 
underwater video (BUV) methodologies (horizontal versus vertical set-up) in terms of 
their ability to record density and length of reef fish to determine the most appropriate 
methodology to be used in a later study. 
In chapter five, a multispecies analysis was carried out to assess the changes inside 
the TMR and in adjacent fishing grounds in order to detect spatial differences in fish 
density and length that could be related to the occurrence of spillover from the reserve to 
adjacent fished areas. I used data obtained from both an UVC and a BUV survey. 
In chapter six, spatial differences in density and size of blue cod inside the TMR and 
adjacent fishing grounds were examined. The movement patterns of the species across 
the boundaries of the reserve through a capture- mark- recapture (CMR) analysis were 
evaluated. Also, the recaptured histories of the recaptured fish and the differences in 
survival and recapture probabilities inside versus outside the reserve were examined.  
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Chapter 2 
 
Comparison of Methodologies to Quantify 
the Effects of age and size of Marine 
Reserves on the Abundance and Size of 
Targeted Species 
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2.1 Introduction 
 
While no-take marine reserves (MRs) have become a highly advocated form of marine 
conservation, there is a widespread recognition of the need to quantify the conservation 
benefits they provide (Allison et al. 1998, Halpern & Warner 2002, Pande et al. 2008, 
Botsford et al. 2009). Because MRs in different parts of the world are set up and 
managed for different purposes (e.g., fisheries enhancement, biodiversity protection, and 
scientific research), the extent and direction of their biological outcomes may vary 
considerably. However, several recent reviews that have evaluated results from separate 
studies worldwide to quantify MR outcomes suggest that many species, especially those 
that are actively targeted by fisheries, increase in abundance and/or size inside MRs 
(Halpern & Warner 2002, Halpern 2003, Pande et al. 2008, Lester et al. 2009, Babcock 
et al. 2010, Claudet et al. 2010, Guarderas et al. 2011, Nursey-Bray 2011, Fenberg et al. 
2012). 
 In New Zealand (NZ), MRs have been established for the purposes of ―preserving the 
marine environment in the natural state as the habitat of marine life for scientific study‖ 
(Marine Reserves Act 1971). The first MR in New Zealand was established in 1975, 
and as of early 2014 there are 37 no-take MRs (Department of Conservation 2014). 
Established reserves cover a wide latitudinal range, including the sub-Antarctic region, 
and protect a wide range of habitats from estuaries, harbours and fiords, to all types of 
open coast areas including off-shore islands (Ballantine 2014). Partially or well-
established ecological monitoring programmes exist in many of these MRs but due to 
the lack of baseline data (i.e., very few baseline data sets have been gathered to allow 
‗before versus after‘ comparisons) historical assessments of the efficacy of MRs are 
usually not possible. Consequently, monitoring typically involves the comparison of 
sites inside MRs with non-MR ‗control‘ or fished sites (i.e., ‗inside‘ versus ‗outside‘ 
comparisons). Although some monitoring results have shown increases in the mean 
density and/or mean size of some species at MR sites compared with unprotected sites, 
it is still difficult to assess the possible conservation benefits of MRs in NZ based on 
individual studies because the generality of response cannot be determined from single 
MRs (Kelly et al. 2000, Willans 2003, Pande et al. 2008, Davidson et al. 2009). 
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Nonetheless, the aim of the NZ government is to protect 10% of the coastal marine 
environment via the establishment of Marine Protected Areas (MPAs, defined here as 
any form of protection and not just no-take MRs) to assure the maintenance and 
recovery of biological diversity at the habitat and ecosystem level. A key component of 
this strategy is to monitor MPAs to assess their effectiveness at achieving biodiversity 
conservation objectives (Department of Conservation and Ministry of Fisheries 2005). 
 A variety of statistical approaches can be used to quantify MR effects. Commonly, 
meta-analysis is used to combine the results of multiple independent studies, all of 
which have tested the same hypothesis. This approach determines if enough evidence 
exists in the combined studies to detect an ‗overall‘ outcome. This statistically rigorous 
approach moves beyond simple ‗vote counting‘ or narrative review because it is a 
quantitative synthesis that allows for objective appraisal of the evidence (Arnqvist & 
Wooster 1995, Egger et al. 1997, Osenberg et al. 1999a, b). Perhaps because of its lack 
of familiarity to marine scientists or because of its statistical complexity (e.g., Berman & 
Parker 2002), or because of the lack of accurate error estimates in the studies being 
reviewed, few meta-analyses of this type have been conducted for MRs or MPAs. 
However, those that have been conducted have reported that MRs support more and 
larger individuals of many species than neighbouring unprotected areas (e.g., Mosquera 
et al. 2000, Côté et al. 2001, Pande et al. 2008, Lester 2009, Molloy 2009, Guarderas et 
al. 2011). 
 The most frequently employed effect size metric in meta-analysis (Hedges‘ g) 
requires that variances, as well as means, are known, but in fact this is often not the case 
from published reports (Mosquera et al. 2000). From this information the magnitude and 
significance of an overall effect can be calculated across all studies. The overall effect 
size is calculated from the effect size of each individual study. An important step in this  
meta-analysis is the calculation of effect size homogeneity across all studies. If the test 
fails, then the meta-analysis stops at this stage due to the significant difference among 
the effects that individual MRs have on the biological index and it is assumed that it is 
inappropriate to combine ‗heterogeneous‘ data from the separate studies. Pande et al. 
(2008) employed the Hedges‘ g index to assess the response of blue cod (Parapercis 
colias) and rock lobster (Jasus edwardsii) to full no-take MR protection in NZ. These 
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authors observed significant differences amongthe effects that individual MRs had on 
the variables studied and they were unable to combined the results of the individual 
studies to provide an overall significance estimate of the effect that all MRs had on these 
species. However, they found evidence of a significant positive effect of reservation 
status on the size and abundance of the species analysed (i.e., Hedge‘s g values 
suggested greater abundance and size of species inside reserves). 
 An alternative approach to Hedges‘ statistic meta-analysis is the response ratio (RR) 
meta-analysis that has been used widely to describe the effects of MRs. This method 
does not require knowledge of variances because it quantifies the proportional change 
resulting from MR implementation by measuring the relative differences in a biological 
response (e.g., size or abundance) inside versus outside the MR (Adams et al. 1997, 
Goldberg et al. 1999, Hedges et al. 1999, Gates 2002). While it is possible to test RRs 
for homogeneity of responses analogous to the effect size test described above 
(Mosquera et al. 2000), very few analyses employing RR do so. Recent studies by 
Halpern & Warner (2002), Halpern (2003), Micheli et al. (2004), Lester et al. (2009), 
Molloy et al. (2009) and Guarderas et al. (2011) all calculated RRs from multiple MRs 
worldwide to evaluate effects of protection on many invertebrate and fish species. They 
found consistent positive effects of MRs, suggesting that MRs achieve their stated or 
implicit conservation goals. 
 Overall, both forms of meta-analysis have demonstrated that marine protection can 
increase species abundance and size, particularly for species targeted by fishers. Most of 
these studies have demonstrated that the response to MR protection may be independent 
of MR size (e.g., Côté et al. 2001, Halpern 2003, Pande et al. 2008, but see Claudet et 
al. 2008, Guarderas et al. 2011) but influenced by MR age (Claudet et al. 2008, Molloy 
et al. 2009 but see Guarderas et al. 2011), and it is usually dependent on the species 
being analysed (Mosquera et al. 2000, Micheli et al. 2004, Lester et al. 2009). Despite 
the burgeoning publication of papers that use results from multiple studies to test 
hypotheses about biological change resulting from marine protection, there is presently 
no standard statistical approach for such studies.  
 The aim of the present study was two-fold: (1) to compare the efficacy of the 
commonly used Hedges‘ g meta- analysis against the less commonly used meta-analysis 
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based on RRs to determine ease of use and comparability of results; and (2) to quantify, 
using the RR analysis, the biological response of two heavily exploited species to MR 
protection along a north–south latitudinal gradient of ~11 degrees (~1250 km) in New 
Zealand. 
 
 
2.2 Methods 
 
The study combined published and unpublished data from 13 New Zealand MRs (Fig. 
2.1), each of which was sampled at different times over a maximum time period of ~30 
yr (Table 2.1). Two widely distributed species in New Zealand were selected for this 
analysis; blue cod and rock lobster. Both species are targeted by both the commercial 
and recreational sector and also have a large Mãori customary value in many areas 
(Ministry of Fisheries 2008) and have been monitored in a number of MRs. Comparable 
data for other NZ species do not exist. For both species, density (no. ind. m
2
) and length 
(cm) data were extracted from studies using only the underwater visual census (UVC) 
methodology (McCormick & Choat 1987). The blue cod analysis used data from 8 MRs, 
including 20 separate studies (density: 8 MRs; length: 5 MRs). The rock lobster analysis 
used data from 13 MRs, including 24 separate studies (density: 13 MRs; length: 12 
MRs): see Table 2.1 for details. All studies included measurements from inside MRs 
and from at least one control area outside the same reserve and in close proximity to it. 
This is the same data set used by Pande et al. (2008) for their Hedges‘ g meta-analysis 
but with the addition of new survey periods and new sites (blue cod: 8 versus 5 MRs; 
rock lobster: 13 versus 10 MRs). All original studies included in the analyses were 
specifically conducted for the purposes of monitoring either blue cod or rock lobster, 
and as such all were conducted in habitat appropriate for each taxon.  
 It was noted that in an ideal world the MR sites will be the same in all respects as the 
nearby fished sites. Also, it was also noted that spillover from the MR into the fished 
region may actually reduce the chance of seeing a significant difference between the 
MR(s) and the fished sites. Thus, analyses of this type may tend to be conservative. 
However, the spillover effect may be counteracted by other factors, such as increased 
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fishing effort in the fished region (i.e., displacement of fishing activity from the MR to 
regions just outside). Because of the absence of knowledge about site-specific spillover 
and displaced fishing activity, analytical consideration of such matters is not possible in 
any meta-analysis. While the number of sites surveyed, the duration (total no. of years) 
of each study, and the timing of surveys all varied among studies, all studies were given 
equal weight in the analyses because there was no a priori reason to provide greater 
weight to any one study or group of studies than to the rest. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Location of New Zealand marine reserves included in the response ratio (RR) analysis.  
 
 
2.2.1 Response ratio (RR) analysis 
 
Consistent with their use elsewhere (e.g., Halpern & Warner 2002, Halpern 2003, Lester 
et al. 2009), response ratios (RRs) were calculated by dividing values of mean density or 
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mean length inside the reserve by values from fished sites. RRs >1 indicate individuals 
are bigger or more abundant inside reserves relative to fished sites. RRs are site-specific 
and therefore reflect local conditions. For example, where increased growth rates of blue 
cod in colder waters may be expected, this will be true of the cold-water MR sites and 
its neighbouring fished sites. Thus, the RR calculated for this site may be compared 
directly with the RR calculated from a northern, warm water site because both tell us 
about the magnitude of the local response. In this context, RR were compared across all 
sites with the expectation that every other local conditions were constant but I recognise 
that this may not be case, i.e., maybe warmer temperatures influence several other 
variables (e.g., increased macroalgal growth, or increased rates of predation). 
Nonetheless, RR is a valid index for comparing the MR responses at many sites - indeed 
it is often the only index than can be use for comparison. However, the RR values do not 
provide information about actual fish density or length inside versus outside the MR, or 
about actual fish density or length when comparing between cold and warm sites.  
 For the purposes of statistical analysis, two data sets were generated. First, for both 
the blue cod and rock lobster density and length data sets, the single most recent survey 
regardless of its date (and its associated RR value) per marine reserve was identified. 
This data set was called RRrecent because it contains a single value per MR based on 
only the most recent survey. This approach gives no weighting or consideration to 
earlier survey data—that is, the history of change is not considered—with the result that 
the data set may be strongly influenced by one unusual data point for any one MR. 
Second, for all data sets, individual RR values were calculated for each year of each 
survey for each MR. The strength of this approach is that individual MRs contributed 
many year-specific data points reflecting their history of change. The weakness is that 
such data points are not independent in a statistical sense. Non-independence of data in 
meta-analyses may be a problem (e.g., Mosquera et al. 2000, Gates 2002, Pande et al. 
2008), and for this approach many of the points within this data set are not independent.  
Nonetheless, this approach is informative and was used here to better understand the 
responses of blue cod and rock lobster to protection and the effect of MR age and size 
on these species. This approach was called RRmax because it provides the maximum 
number of data points per analysis.  
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Table 2.1: Marine reserve variables (size, year of establishment and age) and species-specific data sets 
used in the analysis. *Negative age of reserve at time of study (yr) implies that data were collected before 
time of establishment of the MR in question. 
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 For only the RRmax analyses the MRs were separated into two groups to test specific 
patterns, where the size of the data set permitted. Based on size MRs were separated into 
two groups, small and large MRs (≤ or >1000 ha), whilst based on age they were 
separated into young and old reserves (≤ or >10 yr). While these distinctions are 
somewhat arbitrary there is some theoretical underpinning to support these cut off points 
in terms of the average size and age of NZ MRs, the rate of biological response recorded 
from various regions, and the life history characteristics of the species in question 
(Halpern & Warner 2002, Halpern 2003, Micheli et al. 2004, Pande et al. 2008, Lester 
et al. 2009, Molloy et al. 2009). Importantly the divisions at 10 yr and 1000 ha allow for 
sufficient data points for analysis of young versus old and small versus large data sets, 
and minimise the bias caused by having data from only one or two older (larger) and 
well monitored MRs. The two RR indices are appropriate for answering different 
questions and their applicability depends on the type of data available. RRrecent is 
appropriate for assessment of overall reserve effect, whereas RRmax is appropriate for 
assessment of temporal changes within reserves. Both indices were used here to be able 
to explore both aspects (overall reserve effect on blue cod and rock lobsters and 
temporal change). 
 
 
2.2.2 Effect of MR size and age on biological response 
 
To evaluate the effects of MR size and age on biological response for both data sets, RR 
values were plotted against MR size (ha) and age (yr) (Table 2.1). Linear and non-linear 
functions were fitted to species-specific plots to determine the best fits based on 
correlation coefficient values (SlideWrite Plus v.3, Advanced Graphics). This approach 
permits the identification of the best-fit relationship without a priori knowledge of the 
trajectory of the relationship being examined, or without imposing assumptions about 
the nature of the response. This approach was used as an exploratory tool to see if a 
pattern exists within the data that may help to better understand the generalised 
trajectory of the response for the two different species. As a third and final approach, a 
Spearman‘s rank correlation analysis (1-tailed tests) was used to test the statistical basis 
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of the linear relationship between RR and MR size and age. This analysis was used 
because it is a non-parametric (rank) test of a linear relationship with minimal 
assumptions about data distribution. This analysis was conducted using the Statistica 
software (v 7.1 StatSoft Software). In all cases where fitted lines/curves were highly 
leveraged by a single point, that point was removed from the data set and the line/curve 
were re-fitted to re-test for significance.  
 Based on Mosquera et al. (2000), the homogeneity statistic of Hedges & Olkin 
(1985) was used to determine if all biological responses were homogeneous using . In 
all instances, the test statistic was non-significant (p> 0.05), indicating that each data set 
was homogeneous, and that no single MR had an undue effect. 
 
 
2.2.3 Comparison of RRrecent versus Hedges’ g statistics 
 
Finally, to compare directly between the RR and Hedges‘ approaches, RRrecent were 
plotted against Hedges‘ g for all comparisons where such data exist. The Pearson‘s 
correlation coefficient was used to test for any linear relationship between the two 
different indices.  
 
 
2.3 Results 
 
In most instances the values for both RR indices for both species were >1.0, indicating 
greater mean density or length inside the MR than outside (RRrecent: Fig. 2.2; RRmax: 
Fig. 2.3). Spearman‘s rank correlation analyses are presented as rank–rank plots. 
Because of the different number of data points per analysis (see degrees of freedom 
columns, Tables 2.2 & 2.3) the two RR indices have different powers to detect 
significance. 
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2.3.1 RRrecent analyses for blue cod 
 
The relationship between blue cod density and MR age was statistically significant for 
all three tests (Fig. 2.2B, Table 2.2). The best fit was observed for the non-linear model, 
but the two linear models both had R values similar to that reported for the non-linear 
model. Removal of one outlier (data point at 28 yr) removed the significant nature of the 
relationship for both the parametric and non-parametric linear fits, but increased the 
significance of the non-linear fit. None of the other analyses of RRrecent were 
statistically significant i.e., MR size did not explain variation in RRs for either the 
density or length of blue cod in any of the three separate analyses (i.e., RR indices were 
constant among different MR sizes) and neither did MR age for blue cod length (i.e., RR 
was constant among different MR ages) (Figs. 2.2, Table 2.2). 
 
 
2.3.2 RRmax analyses for blue cod 
 
There was a statistically significant positive relationship between MR age and the 
density (Fig. 2.3B) and length (Fig. 2.3F) of blue cod for all three tests (Table 2.3). In 
both cases there was no difference (to 3 decimal places) between the correlation 
coefficients for the linear and non-linear (exponential) relationships. MR size did not 
explain variation in RRs for either the density or length of blue cod in any of the three  
separate analyses (i.e., RR indices were constant among different MR sizes) (Figs. 2.3 & 
2.4; Table 2.3). Because of small sample sizes, it was not possible to test the blue cod 
data set for the effect of MR age (young versus old reserves). 
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Figure 2.2: Best-fit relationship for the scatter plot of response ratio values (RRrecent) as a function of 
marine reserve (MR) size and MR age.(A) blue cod density as a function MR size, and (B) MR age, (C) 
rock lobster density as a function of MR size, and (D) MR age, (E) blue cod length as a function of MR 
size, and (F) MR age, (G) rock lobster length as a function of MR size, and (H) MR age. 
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2.3.3 RRrecent analyses for rock lobster 
 
Statistically significant results for all three analyses were observed for rock lobster 
density and MR age (Fig. 2.2D, Table 2.3). The best fit was for the non-linear model, 
but the linear parametric model had only a slightly lower R value. Dropping one outlier 
from this analysis resulted in only the Spearman‘s rank correlation being statistically 
significant. The only other statistically significant model was the non-linear fit for rock 
lobster length and MR age; this relationship was negative and only significant after an 
outlier had been dropped (Fig. 2.2H, Table 2.3). MR size did not explain variation in 
rock lobster length or density in any of the analyses performed (i.e., RR indices were 
constant among different MR sizes) (Figs. 2.2, Table 2.2). 
 
 
Table 2.2: Test results (linear and non-linear functions plus Spearman‘s rank correlation analysis) for the 
response ratio (RRrecent) for blue cod (BC) and rock lobster (RL) density and length with respect to 
marine reserve (MR) size and age. Bold values are significant at p< 0.05; ns: not significant.*One data 
point has been dropped from the analysis because it appeared to have undue influence. 
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Figure 2.3: Best-fit relationship for the scatter plot of response ratio values (RRmax) as a function of marine 
reserve (MR) size and MR age. (A) blue cod density as a function of MR size, and (B) MR age, (C) rock lobster 
density as a function of MR size, and (D) MR age, (E) blue cod length as a function of MR size, and (F) MR age, 
(G) rock lobster length as a function of MR size, and (H) MR age. 
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2.3.4 RRmax analyses for rock lobster 
 
There was a statistically significant positive relationship between MR age and rock 
lobster density (best fit = linear rank relationship; Fig. 2.3D) and between MR age and 
rock lobster size (best fit = linear rank relationship; Fig. 2.3H, Table 2.3). In young 
MRs, the  best  fit was  a linear rank relationship  with  rock lobster density   (Fig. 42.C), 
whereas in old MRs the best fit was an exponential relationship with density (Fig. 2.4H). 
For rock lobster length, the best fit relationship with MR age among young reserves was 
a linear rank relationship (Fig. 2.4E), whilst the relationship between MR age and rock 
lobster length for old reserves was not significant (Fig. 2.4J, Table 2.3). MR size did not 
explain variation in rock lobster density or length in any of the analyses performed (i.e., 
RR was constant among different MR sizes) (Figs. 2.3 & 2.4, Table 2.3). 
 
 
Table 2.3: Test results (linear and non-linear functions plus Spearman‘s rank correlation analysis) for the 
response ratio (RRmax) of blue cod (BC) and rock lobster (RL) density and length with respect to marine 
reserve (MR) area (small [≤1000 ha] and large [>1000 ha]) and age (young [≤10 yr] and old [>10 yr]). 
Bold values are significant at p< 0.05; ns: not significant. 
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Figure 2.4: Best-fit relationship for the scatter plot of response ratio values (RRmax) as a function of 
marine reserve (MR) size for small and large reserves and as a function of MR age for young and old 
reserves. (A) blue cod density as a function of MR size for small, and (F) large re-serves, (B) rock  lobster 
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density as a function of MR size for small , and (G) large reserves, (C) rock lobster density as a function 
of MR age for young, and (H) old reserves, (D) blue cod length as a function of MR size for small, and (I) 
large reserves, (E) rock lobster length as a function of MR age for young, and (J) old reserves. 
 
 
2.3.5 Comparison of RRrecent versus Hedges’ g statistics 
 
Plots of Hedges‘ g statistic as a function of RRrecent revealed no obvious linear 
relationship for the blue cod density data set (n = 5, p = 0.489, Fig. 2.5a) or for the rock 
lobster  length data  set  (n = 8,  p = 0.069,  Fig. 2.5d),  but did reveal  significant   linear 
relationships for the blue cod length data set (n = 4, p = 0.048, Fig. 2.5b) and for the 
rock lobster density data set (n = 10, p = 0.043, Fig. 2.5c). When all data was pooled and 
plotted together, a non-statistically significant positive relationship was observed (n = 
27, p = 0.206, Fig. 2.6a) and it was heavily influenced by a single point. When this point 
(for rock lobster density from the Cape Rodney to Okakari Point MR) was removed, a 
non-statistically significant negative relationship (n = 26, p = 0.212, Fig. 2.6b) between 
RRrecent and Hedges‘ g statistic was observed. 
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Figure 2.5: Species-specific relationships between response ratio values (RRrecent) and Hedges‘ g 
statistic. (A) blue cod density data (n = 5), (B) blue cod length data (n = 4), (C) rock lobster density (n = 
10), and (D) rock lobster length data (n = 8). 
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Figure 2.6: Hedges‘ g statistic as a function of response ratio values (RRrecent). (A) all data (n = 27) and 
(B) all data with a single heavily weighted point for rock lobster density at the Cape Rodney to Okakari 
Point Marine Reserve removed (n = 26). 
 
 
2.4 Discussion 
 
The main aim of this chapter was to compare the RR approach with the Hedges‘ statistic 
meta-analysis approach to quantifying biological responses in MRs using NZ examples, 
but also to determine how MR age and size affect the biological responses of two 
targeted species. To do this, the results of the RR analysis were compared with the 
findings from the Hedges‘ g meta-analysis performed by Pande et al. (2008). 
 As expected, results indicate positive effects of MRs on the abundance and length of 
both blue cod and rock lobster (i.e., RR values >1 for almost all but four MRs used in 
the analysis). Based on the RR values, the biological responses observed for both 
species were greater for density than for length, and were generally, but not consistently, 
greater for rock lobster than for blue cod. Overall, and consistent with other studies 
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(e.g., Mosquera et al. 2000, Côté et al. 2001, Halpern & Warner 2002, Halpern 2003, 
Pande et al. 2008, Lester et al. 2009), these results demonstrate that MRs produce 
increases in the abundance and length of species that are heavily targeted for 
recreational, customary, and/or commercial harvesting. 
 
 
2.4.1 Effect of MR size on biological response 
 
Previous meta-analyses indicate that MR size may not always influence the biological 
response to MR protection (e.g., Côté et al. 2001, Halpern & Warner 2002, Halpern 
2003, Guidetti & Sala 2007, Pande et al. 2008, Lester et al. 2009 but see Claudet et al. 
2008 for counter example). Most evidence demonstrates that when a MR is established 
the biological response is rapid and occurs independently of MR size (Halpern & 
Warner 2002, Halpern 2003, Micheli et al. 2004), at least over the range of MR sizes 
and species so far considered. However, theoretical studies suggest that larger MRs 
should be more effective than smaller MRs, mainly because larger reserves allow more 
mobile species with wide home ranges to remain protected inside reserves. Larger MRs 
may also increase self-recruitment by protecting areas of settlement for larvae produced 
inside reserves (Botsford et al. 2003, Hastings & Botsford 2003).  
 In the present study, all of the analyses performed revealed no positive statistic 
relationship between MR size and the density or length for both blue cod and rock 
lobster, i.e., constant RR values were found across a wide range of MR sizes ( mean size 
= 1144.5 ha for blue cod; mean size = 1095.3 ha for rock lobster). These findings 
indicated that the biological response scales linearly with MR size. For example,  if the 
density ratio is the same in both a small reserve and a large reserve, and the large reserve 
has twice the size of the small one and also twice the total number of individuals, the 
effect on the protected population in a large reserve will be twice as big as in the small 
reserve. From a conservation or fisheries perspective, this indicate that large reserves 
may be more effective than small reserves because the benefits provided by MRs scale 
directly with size.  
 In terms of the relationship between MR size and species mobility, it has been argue 
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that only sedentary species are expected to benefit from MR protection, According to 
the literature, large reserves are expected to better protect mobile species (Botsford et al. 
2003, Hastings & Botsford 2003). However, Claudet et al. (2010) in a recent meta-
analysis of Mediterranean MPAs, found that the effect of protection was at least as 
strong for mobile species as it was for sedentary ones.  In terms of the species studied, 
both species have been described to be sedentary but they do display some movement 
ability. For example, tagging studies examining the movement patterns of rock lobster 
and blue cod have shown that most of the recaptured individuals moved less than 1 km 
(e.g., Cole et al. 2000, Carbines 2003, Struthers 2004, Freeman 2008 and see chapter 
six). However, seasonal inshore-offshore movements on a scale of up to over 4 km but 
generally in the order of 1-2 km have been detected for rock lobster (Freeman 2008). 
Also, according to a tagging study performed in chapter six, from the total number of 
fish recaptured (48),4,2 % moved between 10-50 km, 4,2 % moved between 50-100 km 
and 8,3 % moved > 100 km. According to the this evidence, blue cod could be classified 
as a species with moderate mobility. Therefore, the results of the present study indicated 
that MR in NZ, at least over the range of MR sizes considered here, are having a 
positive effect in both sedentary  species and species with moderate mobility. 
 It is also important to notice that, MR size is not the only factor determining the 
effect of protection, i.e., differences in the responses observed across a gradient of MR 
sizes can not be attributed solely to MR size. Indeed, other features or properties that are 
specific to each MR may influence the response, for example, the effect of protection in 
each individual reserve may be determined by many local factors, including reserve 
location, site-specific coastal oceanography, physical complexity and habitat quality, 
and extent and distribution of the habitat (Freeman et al. 2009). The latter two factors 
are very difficult to evaluate and are likely to be independent of reserve size, but 
nonetheless are expected to contribute substantially to the biological responses observed 
in each MR (Halpern & Warner 2003, Guidetti & Sala 2007).  
 Other important factors determining the effect of reserve protection that were not 
considered in the analysis performed in the present study, are the distribution of the 
fishing effort outside MRs and the location of the sampling points both inside and 
outside the reserve relative to its boundaries. "Fishing the line", defined as the 
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redistribution of the fishing effort at the boundary of the reserves in order to enhance 
catch rates, is a frequent harvesting tactic in communities where marine reserves are 
designated (Goñi et al. 2006). Since fishing the line essentially captures fish that spend 
part of their life under the protection of the reserve, the spatial distribution of fish inside 
and outside the reserve should be strongly affected by the distribution of fishing effort 
outside reserves (Kellner et al. 2007). In this context, even supposing densities in all 
MRs were the same, RR may vary enormously if there is spatial variability in fishing 
mortality outside the reserves. In terms of the consideration of the sampling points both 
inside and outside the reserve relative to its boundaries, Kellner et al. (2007) suggested 
that ignoring the locations of sampling within and outside the MR can greatly influence 
the resulting response ratios (i.e., the magnitude of measured reserve impacts). They 
suggested that for most species, except sedentary ones, comparisons between sites 
outside reserves with sites inside reserve but close to the boundaries should suggest 
smaller benefits than those comparisons with reserves sites closer to the centre of the 
reserve. These limitations can be addressed by incorporating these variables in the 
analysis. For example, weighted meta- analyses increase the precisions of the combined 
estimates and increase the power of tests by giving more weight to the studies with the 
most powerful experimental designs (i.e. those with greater and more appropriate 
replication) (Gurevitch & Hedges 1999).  
 Finally, it was noted that enforcement (policing of the no-take areas) has been 
identified as being a key factor contributing to MR success (e.g., Samoilys et al. 2007, 
Claudet & Guidetti 2010). Because no data exist about levels of illegal extractive use or 
about enforcement differences across the MRs studied here, it was not possible to know 
if or how this factor may have contributed to the present study. However, based on 
anecdotal information from the NZ Department of Conservation, it is unlikely that 
differences in enforcement explain the results reported here.  
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2.4.2 Effect of MR age on biological response 
 
All analyses performed here revealed the importance of MR age as a factor explaining 
positive biological responses. Reserve age is usually considered to be an important 
factor in MR effectiveness, because the response of individuals to protection is thought 
to depend upon the relationship between life-history traits of the species protected and 
the duration of protection (Guidetti & Sala 2007, Molloy et al. 2009). Also, different 
species react to MR status in different ways and at different rates. For example, decadal-
scale indirect effects on taxa that occur as a consequence of cascading trophic 
interactions may take longer to develop than direct effects on target species (Babcock et 
al. 2010). Evidence indicates that a new reserve results in a rapid and significant 
increase in average levels of density, biomass, and diversity within 1 to 3 yr before the 
response slows down or stabilises (e.g., Halpern & Warner 2002, Halpern 2003, Micheli 
et al. 2004). However, a recent meta-analysis of the response of fish populations to MR 
protection determined that older reserves (>15 yr) are more effective than younger 
reserves (≤15 yr) at increasing fish densities, indicating that MR age is an important 
factor explaining biological response (Molloy et al. 2009). My results demonstrated that 
MR age has a strong positive effect on the biological responses of blue cod and rock 
lobster. For the RRrecent analyses a strong positive effect of MR age on blue cod and 
rock lobster density but not length was observed, despite the fact that most RR values 
for length for both species were >1.0, indicating larger individuals exist inside versus 
outside MRs. For the RRmax approach, results demonstrate that MR age has a strong 
positive effect on the density and length of blue cod and the density of rock lobster. 
Evidence of significant positive relationships for all analyses except for that between 
rock lobster length and old (>10 yr) reserves was found. 
 Overall, these findings indicate that both species respond rapidly to protection, with 
RR values >1 being recorded in the first few years after MR designation for at least two 
reserves in the case of rock lobster and three reserves in the case of blue cod, consistent 
with estimates of species-specific growth rates and also density-dependent responses 
(e.g., Cole et al. 2000, Davidson 2001a, Davidson et al. 2002, Freeman 2008 and 
references therein). When analysed as a function of time, the best-fit response in all 
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cases was linear. The association between rock lobster abundance and MR age for 
young reserves was best described by a linear relationship, whereas that for old reserves 
was best described by a non-linear relationship (despite a small sample size for this 
latter analysis a significant relationship was observed, p< 0.001). This difference in age-
dependent response may reflect density-dependent factors, as rock lobsters increase in 
density towards site-specific carrying capacity. The association between rock lobster 
length and MR age for young reserves was linear and strongly positive, but was not 
significant among the old reserves. These results suggest that rock lobster length can 
respond rapidly and positively after MRs are declared, but after ~10 yr the response 
becomes independent of MR age. This may reflect the biological ability of rock lobsters 
to grow to larger sizes as a rapid response to MR protection, but after 10 yr such a 
response is no longer possible because a growth response plateau has been achieved. 
Thus, in terms of size response, the notable changes occur rapidly, but plateau (reach an 
asymptote) after ~10 yr. 
 
 
2.4.3 Use of RR indices and curve fitting 
 
Response ratios (RR) may easily be calculated in different ways, as demonstrated by the 
use in the present study of RRrecent and RRmax. Despite the different origins of the two 
RR indices (RRrecent: the most recent survey only; Rrmax: an average value calculated 
from all surveys) and also their different properties (RRrecent: independence of data 
points; RRmax: non-independence of points leading to pseudo-replication), both tended 
to give very similar results. RRrecent was surprisingly informative given its limited 
power to detect significance (low degrees of freedom because one RR value was 
obtained per study). Three different best fit approaches (parametric linear and non-
linear, rank linear) were used to test for a relationship between RR and MR age or size 
for each biological response. This is a powerful approach in the absence of a priori 
knowledge about the biological response to MR protection, and provides new insights 
into the trajectories of change that can be expected for two target species. Although in 
all cases except one the best line relationship was curvilinear, the goodness of fit (as 
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judged by the correlation coefficients) for the linear functions was only fractionally less 
than that for the non-linear functions. Thus, in terms of predicting or modelling 
biological responses, it is reasonable (at least for these two species and presumably other 
species with similar life-history characteristics and histories of extractive use) to employ 
a linear function, which is simple to fit and more easily understood and interpreted in a 
biological sense. The consistency of outcomes across both analyses (two different RR 
indices and three different curve-fitting approaches) provides some degree of confidence 
in the interpretation of the quantifiable biological responses of blue cod and rock lobster 
to protection in NZ. 
 Direct comparison of the RRrecent values with the Hedges‘ g values for species-
specific responses revealed that three of the four comparisons had positive slopes, and 
two of the four comparisons were borderline statistically significant (0.05 > p> 0.04), 
suggesting that a linear relationship may exist between the two indices (Fig. 2.5). Given 
that both metrics are measuring the comparative biological response inside versus 
outside the MR in question, one might reasonably expect that a (linear) relationship 
exists between them. However, when the data for both species and both biological 
measures were combined, the relationship between RRrecent values and Hedges‘ g 
values was positive but not statistically significant (p = 0.206, n = 27) or slightly 
negative when one point heavily influencing the plot (RRrecent for rock lobster density 
at Cape Rodney to Okakari Point MR) was removed (p = 0.212, n = 26) (Fig. 2.6). Thus, 
overall, there is little evidence to indicate that a simple relationship exists between 
RRrecent values and Hedges‘ g values. The reason for this is because the RR values are 
calculated as a simple function of mean length or density inside versus outside each MR; 
this ratio therefore is independent of any estimate of variance. In contrast, Hedges‘ g is 
not calculated as a ratio, but as an estimate of mean length (or density) inside minus 
mean length (or density) outside the MR and then divided by a pooled variance estimate. 
The absence of a variance component in the RR statistic and the inclusion of a pooled 
variance component in the Hedges‘ g statistic therefore generates two indices that are 
largely independent. From a biological perspective, it might be argued that the Hedges‘ 
g statistic is in fact more meaningful than the RR statistic because its calculation 
includes the pooled variance estimate, thereby reflecting variability in length (or 
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density), which is known to be ecologically important. This apparent shortcoming of the 
RR index could be addressed by taking an approach that includes a variance component 
(e.g., Lajeunesse 2011). 
 
 
2.4.4 Use of the RR approach for assessing MR effectiveness 
 
Meta-analyses based on Hedges‘ g are computationally difficult to conduct (e.g., 
Berman & Parker 2002, Pande et al. 2008) when compared to other approaches such as 
response ratios; they require knowledge of sample variance that are often not reported in 
the literature, and they also include steps such as testing for differences in ‗effect size‘, 
which, if significant, will preclude the completion of the meta-analysis. Whilst this latter 
step may be included in a RR analysis (e.g., Mosquera et al. 2000, present study), this is 
rarely done. Using a similar data set to that tested in the present study, Pande et al. 
(2008) observed significant differences in ‗effect size‘ in their meta-analysis of blue cod 
and rock lobster length and density data. This meant that data from the different studies 
could not be combined to provide an overall significance estimate of the effect that all 
MRs had on these species. The significant differences in ‗effect size‘ highlighted the 
significant differential contribution that individual MRs had on the length and 
abundance of both species (although it was not possible to identify the nature of that 
response), and also precluded the completion of the analysis. In contrast, the RR 
analyses presented here are less constrained because the testing did not reveal a 
significant effect size, and have, as a consequence, permitted us to contribute significant 
new findings to the results of Pande et al. (2008). Nonetheless, I recommend that all RR 
studies should test for heterogeneity of the data set because such heterogeneity points to 
the differential effects across MRs, something that the researcher needs to appreciate. 
The inclusion of a pooled variance estimate in the Hedges‘ g index is likely to reflect 
biologically significant information that is lost in the present RR approach. It is clear 
that this loss of information represents a limitations and that those factors that were 
ignored in the present analysis warrant far more attention. Further investigation of an 
RR index that incorporates variance estimates may be an interesting approach to test that 
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could help resolve some of the common challenges faced when undertaking a meta-
analysis (Lajeunesse 2011). 
 The meta-analysis of Pande et al. (2008) did not identify either MR age or size as 
being significant factors explaining the biological responses of both species. 
Contrastingly, the RR analyses presented here have identified MR age and size, as being 
important. While contrasting results between meta-analysis, regarding the effect of MR 
size and age, have been reported in the literature, many individual studies have 
demonstrate a positive effect of MR age and size on the response to protection (e.g., 
Castilla 1999, Kelly et al. 2000, McClanahan 2000, Russ & Alcala 2004 among others). 
In this context, comparisons across multiple MRs from very different areas seem to offer 
very weak tests of the effect of MR age and size probably because meta-analyses usually 
do not take in account several variables that influence the response to protection while 
studies on single MRs do. As previously established, this limitations can be addressed 
by incorporating these variables in the analysis. 
 Despite the discrepancy between the RR and Hedges' meta-analyses in terms of the 
detection of MR size and age effects, both analysis reported consistent positive effects 
of MRs (i.e., increased fish density and length inside reserves). The general concordance 
between the two analytical approaches is encouraging (notwithstanding the importance 
difference identified above) and suggests that the Hedges‘ statistic approach and the RR 
approach are equally valid for the evaluation of the overall effect of MRs. At the 
moment it is not possible to know if this statement holds true for only the NZ data set or 
for other data sets, but the comparison indicates that further exploration of this is 
worthwhile. Given that the RR approach does not require estimates of variance (which 
are often not provided in papers), there is a clear advantage to using this technique over 
the Hedges‘ statistic meta-analysis technique.  
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2.5 Conclusions 
 
The RR analyses of blue cod and rock lobster data from NZ MRs are consistent with a 
body of evidence that indicates that MRs are having consistent and positive effects on 
the density and length of protected species. My results offer evidence that at the national 
level MRs of all sizes can generate positive biological responses but large reserve may 
be more effective than small reserves. Also, it was evident from this analysis that MR 
age is an important variable determining the response to protection.  
 Considering these results, I suggest that response ratio analysis should be used in 
preference to the Hedges‘ statistic meta-analysis because it is easier (less time-
consuming) to employ, has fewer limitations, provides at least as much information as 
Hedges‘ statistic, and because its results are easier to interpret. I suggest that the next 
important step in this line of investigation is to determine why and how individual MRs 
respond differently in their biological outcomes, that is, to test why a significant ‗effect 
size‘ exists.  
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3.1 Introduction 
 
Worldwide, there is strong evidence to show that marine reserves (MRs) are an effective 
management option for restoring and sustaining marine ecosystems within their 
boundaries (Lester et al. 2009). The recovery of previously targeted species is one of the 
most commonly reported effects of MRs and it seems to occur rapidly after only a few 
years following reserve establishment (e.g., Halpern & Warner 2002, Ballantine & 
Langlois 2008, Díaz - Guisado et al. 2012). Although marine reserves (MRs) have been 
established in many parts of the world and recently several studies have been performed 
on the effects of protection provided by them, comparatively few studies have 
established biological baselines describing the presence/absence of species, their 
abundance and/or their size before the establishment of the reserves (Pande & Gardner 
2008, but see Claudet et al. 2006, Horta e Costa et al. 2013). It has been suggested that 
without adequate baseline data (i.e., data which defines the status of a species or 
community in an area before some change or impact; Kingsford & Battershill 1998) for 
a proposed reserve area it is difficult to establish the effect of reservation on individual 
species or on community structure and functioning (Pande & Gardner 2008). 
 Environmental monitoring of MRs typically involves the use of effect-size based 
methods, in which the effects of the restoration activity (e.g., increase in the abundance 
of a threatened species caused by the establishment of a marine reserve) are quantified 
by comparison with similarly degraded or control areas (Edgar et al. 2004a, Osenberg et 
al. 2006, Osenberg et al. 2011). This approach, known as control-impact (CI) design, 
involves multiple sampling occasions at an impact (protected) site and at least one 
control (fished) site. This effect-size based assessment aims to establish the state of the 
system after the establishment of a reserve compared to the state of the system that 
would have existed if the area had not been protected (Stewart-Oaten et al. 1986, 
Stewart-Oaten 1996a). Of course, the latter cannot be observed and must be therefore be 
estimated (Osenberg et al. 2006). Control and impact sites are compared statistically to 
determine if the two sites differ and if they do then one could conclude that there was an 
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effect of the restoration activity, in this case the protection of the area (Osenberg et al. 
2006). However, it has been suggested that the CI design confounds the effect of the 
restoration project with other processes that produce spatial variation in parameters (i.e., 
natural small-scale environmental heterogeneity) because even though control and 
impact sites may be similar, no two sites are identical and there will likely be 
statistically significant differences between the two sites even before the establishment 
of the reserve (Edgar et al. 2004a, Osenberg et al. 2006). Much data presently exist to 
document the fact that the number and sizes of species protected inside reserves are 
usually greater inside the reserve after a biologically meaningful period of time has 
elapsed since the establishment of the reserve based on the CI design (e.g., Pande et al. 
2008, Lester et al. 2009, Díaz- Guisado 2012 among others). However, it can always be 
argued that this same situation existed before the establishment of the reserve and that 
the same general pattern has continued in time after the reserve has been established 
(Osenberg et al. 2006, Pande 2008). Osenberg et al. (2006) also suggested that the CI 
design is likely to underestimate true local effects because the reserve site response will 
cause a concordant response at the control site (i.e., they are not independent).  
 Green (1979) described several designs that might be useful for assessing 
conservation effects provided, for example, by marine reserves (MRs). First, he 
developed the before-after design (BA design) that attempts to deal with spatial 
variation by sampling only the impact site both before and after the establishment of the 
reserve. Based on this model, later he developed a more complex model that attempts to 
deal with both spatial and temporal variation by sampling at one or more control site(s) 
and the impact site both before and after the establishment of the reserve (before and 
after control - impact design or BACI design). To date, relatively few BACI studies 
have been performed to evaluate the effects of MRs (but see Edgar & Barrett 1999, 
Barrett et al. 2007). Unfortunately, the interpretation of the BACI design is still 
problematical because the discovery of a difference between the two sites that is of 
different magnitude from the difference existing before the putative disturbance does not 
demonstrate that the human activity caused the impact, and also, there is no reason to 
expect two sites will have the same time-course of changes for example in the mean 
  
 
 
 44                                                                                        CHAPTER 3. TAPUTERANGA MONITORING 
 
density of a given species (Underwood 1991). More recently, based on Green's design 
and popularized by Stewart-Oaten et al. (1986), the before and after control - impact 
paired series (BACIPS) design was developed. This design involves sampling at both 
control and impact sites simultaneously several times before and after the establishment 
of the reserve. The parameter of interest is the difference in a chosen variable between 
the control and impact sites estimated on each sampling date. Each difference from the 
before period provides an estimate of the spatial variation between control and impact 
sites and thus is an estimate of the expected difference that should exist in the after 
period in the absence of an effect of the intervention (Stewart-Oaten et al. 1986, 
Osenberg et al. 2006). The rationale behind the design is that replicated sampling in 
time gives an indication of the differences over several periods of potential change 
between control and impact sites. For example, if the establishment of a MR causes 
some change in the mean abundance of the sampled organisms, there will be a different 
magnitude of difference between sites after the establishment of the reserve from that 
before (Underwood 1991). By having several replicated times of sampling, it is possible 
to control for some random elements of the difference between control and impact sites 
so it is no longer possible for the regions (i.e., control and impacts) to differ after the 
putative impact simply because, at a single time of sampling, they happen to have a 
different pattern of difference from that before (Underwood 1991). Overall, the BACIPS 
design removes the effect of background sources of variation that are common to both 
control and impact sites (e.g., responses to climate events) and accounts for some 
sources of variation ignored in the CI, BA and BACI designs (Stewart-Oaten et al. 1986, 
Stewart-Oaten 1996a, b). 
 Another approach that has been used to quantify MR effects is meta-analysis. Several 
meta-analyses have been performed to describe the effects of MRs (e.g., Mosquera et al. 
2000, Côté et al. 2001, Halpern & Warner 2002, Halpern 2003, Micheli et al. 2004, 
Pande et al. 2008, Lester et al. 2009, Molloy et al. 2009, Díaz- Guisado 2012). Different 
effect-size metrics have been frequently employed in meta-analysis, including the 
response ratio (RR). The RR is a unit-less metric that quantifies the proportional change 
resulting from MR implementation by measuring the relative differences in a biological 
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response (e.g., density) inside versus outside the MR (Adams et al. 1997, Goldberg et al. 
1999, Hedges et al. 1999, Gates 2002). The response ratio metric is biologically more 
relevant than other metrics e.g., hedges' g, that is most commonly used and which does 
not yield a clear biological interpretation (Hedges et al. 1999, Osenberg et al. 1999b, 
Díaz – Guisado et al. 2012). Meta-analysis of MRs has been criticised due to the 
majority of studies they examine are CI designs (Edgar 2004). Also a dichotomy exists 
in the literature on the utility of once-only spatial comparisons of reserve and fished 
areas to infer recovery rates (Russ et al. 2005). However, Russ et al. (2005) suggested 
that it is possible to make useful inferences about rates of recovery in MRs of different 
ages from once-only spatial comparisons of reserve and fished sites, provided that such 
inferences are derived from carefully designed studies.  
 The Taputeranga Marine Reserve (TMR), located on the south coast of the capital of 
New Zealand, Wellington, was gazetted in 2008. Many fish species have been harvested 
along the Wellington's south coast since Mãori have inhabited New Zealand for an 
estimated 800 years, and as a consequence the abundance and size of the most popular 
food fishes have decreased, particularly during the last few decades (Francis 2008). 
According to Eddy (2011), as a result of the construction of present (2010) and historic 
(i.e., prior to large scale exploitation in the area) ecosystem models, biomasses of 
targeted species and trophic groups at the TMR and adjacent fished sites have been 
substantially depleted due to fishing. Results from the present ecosystem model 
indicated that commercial fisheries operating in the area for lobster and butterfish have 
the greatest impacts on the ecosystem. Recreationally, blue cod fisheries have the 
greatest impact on the ecosystem. This reserve, like most of reserves in the country had 
a long period of gestation (i.e., formal application for the reserve was made in October 
2000) (Gardner et al. 2008). As part of the process, a baseline survey was conducted 
during an early stage of the proposal for the reserve, between 1998 and 2000. In this 
earlier study eight fish species were surveyed at eight sites (ultimately, three inside and 
five outside the reserve) before the establishment of the reserve (see Pande & Gardner 
2008) and subsequent monitoring surveys have been carried out (e.g., Eddy 2011, 
Byfield unpublished data). This data set represents one of the most comprehensive and 
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robust baseline data sets available anywhere in the World (Pande & Gardner 2008).  
 In this chapter I assessed changes in the abundance of eight fish species in the TMR 
using a database that consisted of a 14-year time series of density data. I used the 
existing data for the TMR (e.g., Pande 2001, Eddy 2011) and also collected my own 
data to examine early changes in the community within the MR. 
 
 
3.2 Methods 
 
The study experimental design aimed to detect early changes in abundance of a 
multispecies fish group in the TMR using the analysis of a 14-year time series of data. I 
performed a response ratio (RR) analysis and a before and after control - impact paired 
series (BACIPS) analysis.  
 In terms of the approaches used in the present study, the effect-sizes used in both 
analyses were based on a CI comparison but have a time component associated with 
them. The methods based on effect-sizes are considered to be a descriptive statistical 
approach that express the estimated magnitude of a relationship without making any 
statement about whether the apparent relationship in the data reflects a true relationship. 
However, null hypothesis testing was possible with these designs. In the present study, 
the RR and the BACIPS analyses are comparable to due to the fact that both analyses 
are based on a long-time series of data. However, both analyses are statistically 
different.  
 
 
3.2.1 Study area 
 
The present study was conducted on the south coast of New Zealand‟s capital, 
Wellington (Fig. 3.1). The coastline in the study area is indented by small, south-facing 
bays, separated by headlands of greywacke rock that extend seaward as reefs and 
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submarine outcrops that occur out to 35 m water depth (Carter 2008). The south coast of 
Wellington is a high energy environment, with its tidal and oceanic flows strongly 
influenced by Cook Strait weather (Carter 2008). The area is subject to deep-ocean 
southerly swell enhanced by the strong and frequent southerly winds (Grapes & Goh 
2008).  
 The history of human impact on the Wellington's south coast began long before 
European arrival, with the coast providing food and shelter to the local Mãori population 
with a large dietary reliance on coastal marine resources (Leach 2006). The contents of 
middens associated with some Mãori villages along the south coast, indicate that the 
coast dwellers relied fairly heavily on fish as their main food supply with shellfish being 
secondary (Goh 2008). Since the arrival of the first Europeans in the Wellington, coastal 
resources have provided a vital means to sustain small communities in the area. 
However, as a greater number of people were attracted to the Wellington's south coast 
after the late 1890s, these resources became even more vital for the economic growth of 
the area and fishing, which was initially for personal consumption and/or trading, 
became more organised and also a source of income for many fishers (Goh 2008).  
 At the present time, the inshore finfish fishery in Fisheries Management Area (FMA) 
2, which stretches from East Cape to the Wellington's west coast (Fig. 3.2), is a shared 
fishery, used by customary, recreational and commercial fishers. However, on the 
Wellington's south coast, most fishing pressure comes from recreational fishers with 
much of the recreational catch in FMA 2 coming from the heavily populated Wellington 
region. For example, recreational fishers take around 100-200 tonnes of blue cod and 
30-80 tonnes of butterfish annually from FMA 2, while commercial catches of blue cod 
in this region are negligible, and butterfish catches are about 50 tons per year (Francis 
2008). 
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Figure 3.1: Map of study area showing the sites surveyed inside the Taputeranga MR and in the adjacent 
fishing grounds. From west to east: Sinclair Head, Red Rocks, Yung Pen, The Sirens, Princess Bay, 
Palmer Head, Barrett Reef, and Breaker Bay. Green area corresponds to intertidal reef. 
 
 
 The TMR protects 854.79 hectares of coastal water, extending from Princess Bay on 
the eastern boundary to Quarry Bay on the western boundary (Fig. 3.1). Habitats 
protected by the TMR include wave exposed rocky reef, wave sheltered rocky reef, 
cobble beach and sandy shores (Eddy et al. 2008). Much of the bottom type is 
characterized by greywacke reef, which is structurally complex. The area is home to a 
diverse assemblage of algal species including macroalgal stands resulting in high 
invertebrate and fish diversity (Francis 2008, Eddy 2011). 
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Figure 3.2: New Zealand Fisheries Management Areas as established in the Fisheries Act 1996. 
 
 
3.2.2 Site selection  
 
In the baseline survey conducted between 1998-2000, eight sites were surveyed. These 
sites were selected based on the boundaries of the TMR as proposed in 1996 (before the 
first formal application in 2000). An equal number of sites were chosen inside and 
outside the proposed boundaries at that time. During the course of the baseline study the 
boundaries were changed, resulting in a reduction in size of the proposed reserve, 
meaning that the sites chosen were no longer equally spread amongst the proposed 
reserve and control (fished) areas. However, these sites are well spread over the ~12 km 
stretch of coast and provide a good representation of the south coast so they have been 
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monitored since the baseline study (i.e., Pande 2001, Pande & Gardner 2008, Eddy 
2011, Byfield unpublished data).  
 The sites chosen were (from west to east): Sinclair Head, Red Rocks, Yung Pen, The 
Sirens, Princess Bay, Palmer Head, Breaker Bay and Barrett Reef (Fig. 3.1). Of these, 
Yung Pen, The Sirens and Princess Bay are all inside the reserve boundaries. The other 
sites were used as controls – they are all outside TMR (Fig. 3.1).  
 
 
3.2.3 Species surveyed 
 
Surveys to date have focused on the monitoring of macroalgae, macroinvertebrates and 
fishes at each of the eight monitoring sites. However, the present study focused only on 
fish. A total of 33 different fish species were surveyed in the baseline survey of the area, 
but because most of these occurred at low density only a subset of eight species were 
included in the baseline analysis. Those same eight species were included in the present 
study: Notolabrus fucicola (banded wrasse), Parapercis colias (blue cod), Latridopsis 
ciliaris (blue moki), Odax pullus (butterfish), Cheilodactylus spectabilis (red moki), 
Notolabrus celidotus (spotty), Nemadactylus macropterus (tarakihi), and Pseudocaranx 
dentex (trevally). With the exception of banded wrasse and spotty, these species are all 
important for the commercial or recreational fisheries in the area, or both, and most of 
them are common along the Wellington's south coast. The larger edible species of fish 
have been harvested along the Wellington's south coast for more than 150 years, and this 
has inevitably shaped their populations; the abundance and size of the more popular 
food fishes are known to have declined over time (Francis 2008).  
 Some species, like the blue moki and blue cod, are known to show a marked response 
to reservation status (reviewed by Pande et al. 2008). Thus, both species are likely to be 
good indicators of change in the TMR and have been suggested as indicator species to 
determine how their numbers and distribution change over time as a result of marine 
reserve protection (Pande 2008, Pande & Gardner 2008). Banded wrasse and spotty 
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were chosen because they are abundant in the study area (Choat & Ayling 1987, Francis 
2008, authors personal observations) and because density changes in these unexploited 
species will provide a contrast to changes in species subject to fishing pressure (Pande & 
Gardner 2008). 
 
 
3.2.4 Survey methodology: underwater visual census (UVC) survey 
 
The data used in the present study were obtained from previous underwater visual 
census (UVC) surveys conducted by Pande & Gardner (2008) (1998-2000) and Eddy 
(2011) (2007-2010). To complete the database, a UVC survey was performed during 
summer-autumn (February-March) 2011 and summer (February) 2012 in conjunction 
with the Department of Conservation. The full database consisted of a 14-year time 
series (for a summary refer to Table 3.1). 
 The UVC surveys were performed following the same methodology used in previous 
surveys (e.g., Pande & Gardner 2008, Eddy 2011). At each site, fish density and total 
fish length was recorded along nine transects randomly distributed in a rocky reef 
habitat. Divers swam a 25 m strip transect along a measuring tape, counting fish 2.5 m 
either side of the tape. Thus, fish were counted in a 25 m x 5 m corridor (2.5 m 
high)(Cole 1994).  Each transect was started five meters from where the transect tape 
was set in order to minimize inaccurate counts of fish attracted or repelled from the 
disturbance (Cole et al. 1990, Cole 1994). Typically there were two teams of two divers 
performing the visual fish censuses. In each team, one diver counted the fish and the 
other indicated the start and end of each transect. Fish were counted as the transect tape 
was being deployed and then divers swam back the length of the transect and recorded 
any species that was not observed during the actual count. However, such species were 
not included in the total count. Nine replicates were conducted at each site, giving a total 
area of 1125 m
2
 sampled per survey per site. Density was expressed as the number of 
fish per 125 m
2
.  
  
 
 
 52                                                                                        CHAPTER 3. TAPUTERANGA MONITORING 
 
3.2.5 Statistical analysis 
 
For the analysis of the data I recognized different sampling occasions within each 
survey period. A total of 19 sampling occasions were recognized, 12 before and seven 
after the establishment of the TMR (Table 3.1). I performed two different analyses, a 
response ratio (RR) analysis and a before and after control - impact paired series 
(BACIPS) analysis. Both analyses consider before and after comparisons between 
reserve and control (fished) areas, with multiple sites examined within each area. The 
analysis was carried out using the R statistical software (R Core Team 2012). 
 
 
3.2.5.1 Response ratio (RR) analysis 
 
I calculated the mean density (number of fish per area) for all the fish species for reserve 
areas (i.e., mean from the three reserve sites) and fished areas (i.e., mean from the five 
fished sites). For each sampling occasion during both the “before” and “after” reserve 
periods I calculated the RR, consistent with their use elsewhere, by dividing values of 
mean density inside the reserve by values from fished sites. RRs >1 indicate individuals 
are more abundant inside reserves relative to fished sites. Even though reserve sites were 
not protected until sampling occasion 13, for analysis purposes they were classified as 
reserve sites in both the before and after periods. 
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Table 3.1: Underwater Visual Census survey information (year, season and sites surveyed). Observer: 
Pande (Pande & Gardner 2008), Eddy (Eddy 2011), Díaz-Guisado (this thesis). 
 
 
 
O
n 
 
 
 
 
 
m
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n
y 
 
 
 
 
 
 On many occasions, for a given survey period, there were no fish recorded in any of 
the transects at all sites within the reserve and/or all sites outside, and I was not able to 
calculate a genuine RR value. In terms of statistical analyses this can present a problem, 
because of the small size of the dataset to be analyzed. When this happened I tried two 
approaches in order to include data from those sampling occasions and being able to 
show the real relationship between reserve and fished areas. The first approach consisted 
in adding one to the raw density estimates every time where an observed value was zero; 
the second one consisted in adding a small constant value of 0.0001 to all raw density 
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estimates, following Molloy et al. (2009) and Mitchell (2012). 
 To determine if RR values were significantly different from 1, I performed a one 
sample t-test. The analysis was performed for each species for both periods separately 
(i.e., before and after) and also for the complete dataset (i.e., before and after values 
pooled together). When significant differences were found I performed a new t-test to 
determine if the RR was greater or lower than 1. To examine differences in the RR 
values between periods, I performed a two samples t-test (before versus after). 
Normality was tested using a Shapiro- Wilk's normality test and homogeneity of 
variances was tested using a Bartlett test (lawstat R package; Gastwirth et al. 2013). 
When the assumptions of normality and homoscedasticity were not met I used a 
Wilcoxon Rank Sum and Signed Rank Tests.  
 
 
3.2.5.2 Before and after control - impact piaired series (BACIPS) 
analysis  
 
Based on Osember et al. (2006) I calculated the difference (hereafter referred to as 
"delta" or ∆) between the fished and reserve sites for each sampling date as follow: 
 
∆P𝑖= Cp𝑖 − Ip𝑖  
 
where Cpi and Ipii, are estimates of the parameter (density or length) at the fished and 
reserve sites on the ith date of the period P: i.e., before or after. 
 
 I calculated the average delta for each period and the effect-size (E) as follow: 
 
E = ∆𝐵 − ∆𝐴=   
∆B,i
𝑛𝐵
 −   
∆A,i
𝑛𝐴
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and the variance in differences pooled across periods (S
2
) as follows: 
 
𝑆∆
2 =
𝑆𝐵
2
𝑛𝐵
+
𝑆𝐴
2
𝑛𝐴
  
 
where for period P,  
 
𝑆𝑝
2 =    ∆p,i − ∆p, 
2
 𝑛𝑝 − 1  
 
 
 I also used a linear mixed - effects model (LMEM) to determine differences in mean 
density of each fish species between fished and reserve sites between periods. This 
analysis was used due to the nature of the data (i.e., counts). Also, in the UVC surveys, 
overdispersion can arise due to pseudoreplication, that is, due to correlation between 
replicates that result from the sampling design (Hurlbert 1984). For example, the nine 
transects surveyed at each site cannot necessarily be considered to be truly independent 
replicates from the survey area because of between-site variability. Here, the 
overdispersion induced by the sampling design was explicitly accounted for in the 
analyses of the UVC data by the inclusion of random effects. 
 I calculated the mean density for all eight fish species at all reserve and fished sites. I 
fitted a model using the generic function lme of the nlme R package (Pinheiro et al. 
2011). The model was fitted with period (before/after) and status (reserve/fished) as 
fixed factors, and with time (19 sampling occasions) as random factor. I also tested for 
the interaction between the fixed factors (i.e., period x status). A log-linear model was 
used to describe the expected counts and was fitted using maximum likelihood. Data 
were log transformed to improve assumptions. I ran a separate analysis for each species. 
I also fitted another model excluding the before data. This model was fitted with status 
as fixed factors, and with time (7 sampling occasions) as random factor. I used the 
Bonferroni correction for multiple comparisons. 
 Finally, I also used a two sample t-test (fished versus reserve). The analysis was 
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performed for each species for both periods separately (before and after) and also for the 
complete dataset (i.e., before and after values pooled together). Normality was tested 
using a Shapiro-Wilk normality test and homogeneity of variances using a Bartlett test 
(Gastwirth et al. 2013). I also used an F-test to compare the variances of the two samples 
(R Core Team 2012) and when variances were equal I performed a two sample t-test for 
equal variances. When the assumptions of normality and homoscedasticity were not met 
not I used Wilcoxon Rank Sum and Signed Rank Tests. 
 
 
3.3 Results 
 
Trevally was not included in the analyses as this species was not observed at all in any 
of the surveys performed since sampling occasion nine (before reserve establishment) 
(Fig. 3.3h). This made it impossible to make any comparison between periods (before 
versus after). Even though tarakihi was only occasionally observed after the reserve 
establishment (Fig. 3.3g), this species was included in the analysis as a comparison 
between periods was possible. 
 
 
3.3.1 RR analysis 
 
As the results of both approaches used in order to included data from those sampling 
occasions where fish were absent from either the reserve or the fished sites were very 
similar, I chose to report only the results of the first approach (adding one to the raw 
density estimates every time where an observed value was zero). 
 For all of the species, except banded wrasse, RR values varied greatly before the 
establishment of the reserve (being both > 1 and < 1), but after reserve establishment 
(from sampling occasion 13) most of the values were > 1 (i.e., mean density was higher 
in reserve). For example, for blue cod, mean RR values were 3.0 ± 1.49 and 4.8 ± 0.59 
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for the periods before and after reserve respectively, with all RR values recorded after 
sampling occasion 15 being > 1 (Fig. 3.3b). For blue moki mean RR were 2.0 ± 0.93 
and 1.9 ± 0.75 for the periods before and after reserve respectively and for butterfish 
mean RR were 1.9 ± 0.53 and 2.5 ± 0.83 for the periods before and after reserve 
respectively. For both these species most of the RR values (all but one) recorded after 
sampling occasion 14 were > 1 (Fig. 3.3c, d). For blue cod, blue moki and butterfish RR 
values varied greatly among sampling occasions. Greater variation was observed for RR 
values > 1 as very high values were observed i.e., maximum RR values of 18.8, 11.6 
and 6.1 for blue cod, blue moki and butterfish respectively, while variation was lower 
for RR values < 1, i.e., minimum RR values of 0.31, 0.19 and 0.2, respectively (Fig. 
3.3b, c, d). Mean RR values for red moki were 1.1 ± 0.16 and 1.1 ± 0.12 for the periods 
before and after reserve respectively and for spotty mean RR values were 0.70 ± 0.18 
and 1.5 ± 0.26 for the periods before and after reserve respectively. For both these 
species, most RR values recorded after sampling occasion 13 were > 1 and RR values 
varied greatly among sampling occasions but not as much as for the other species, i.e., 
maximum RR values of 1.6 and 2.4, for red moki and spotty respectively and minimum 
RR values of 0.11 and 0.12, respectively (Fig. 3.3e, f). For red moki, no fish were 
observed both inside and outside of the reserve on sampling occasions 17 and 18 and for 
tarakihi, no fish were recorded in sampling occasions 9-13 and in most of the surveys 
after reserve establishment (i.e., only during three of the six sampling occasions) (Fig. 
3.3g). Despite the differences between periods observed for most of the species, the 
results of the t-test performed for each period separately indicated that the RR values 
were not statistically different from 1 in either period (before and after) (p> 0.05), 
suggesting no differences between periods.  
 For banded wrasse, in both periods RR values were found to be significantly lower 
than 1 (p = 0.017 and p = 0.0004, for before and after respectively). For this species, all 
RR values were < 1 except for sampling occasion four suggesting differences between 
reserve and fished areas i.e., higher abundance outside the reserve (mean RR values 
were 0.7 ± 0.12 and 0.5 ± 0.08 for the periods before and after reserve respectively). The 
results of the t-test performed for each period separately indicated that RR values for 
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this species are statistically different from zero for both the before and after period (p = 
0.034 and p = 0.00083 respectively), suggesting no differences between periods.  
 When all the RR values (before and after) were pooled together, RR values were 
found to be significantly different from 1 only for banded wrasse (mean RR = 0.6 ± 
0.08) (p = 0.0024), blue cod (mean RR = 3.6 ± 0.10) (p = 0.035) and butterfish (mean 
RR = 2.1 ± 0.44) (p = 0.040). For both blue cod and butterfish, most of the RR values 
were > 1 (i.e., 13 out of 19 for both species) and they were found to be significantly 
greater than 1 (p = 0.017 and p = 0.02 respectively), suggesting differences between 
reserve and fished areas i.e., higher abundance inside the reserve (Fig. 3.3b, d). For 
banded wrasse the RR was found to be significantly lower than 1 (p = 0.0012), also 
suggesting differences between reserve and fished areas i.e., higher abundance outside 
the reserve (Fig. 3.3a). 
 Results of the t- test to detect differences in RR values between period (before and 
after) suggested no significant differences in mean density between periods for any of 
the species surveyed (p> 0.05) (Fig. 3.3), except for spotty (p = 0.01516) (Fig. 3.3f). 
 
 
3.3.2 BACIPS analysis  
 
The average delta values for both periods (∆A and ∆B), the difference between those 
deltas (E) and their respective variation ( S
2
A, S
2
B and S
2
∆) are shown in Table 3.2. The 
maximun delta values for both periods were observed for spotty and the minimum 
values were recorded for red moki. The minimum and maximum effect-sizes were 
recorded for spotty and red moki, respectively. The effect-sizes indicated that the 
magnitude of change between periods was greater for spotty tarakihi and banded wrasse. 
For all the species except for blue moki, butterfish, and spotty, the delta values for the 
before periods were lower than the delta values in the after period (i.e., greater 
difference between fished and reserve sites in the after period). Variability in the 
beforeperiod was greater for all the species except tarakihi.  
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Figure 3.3. Response ratio (RR) values as a function of time (sampling occasion) for each species. (A) 
banded wrasse, (B) blue cod, (C) blue moki, (D) butterfish, (E) red moki, (F) spotty, (G) tarakihi and (H) 
trevally. Sampling occasions 1-12 correspond to the period before reserve establishment (1998-2008) and 
sampling occasions 12-19 correspond to the period after reserve establishment (2008- 2012). The vertical 
line indicates the division between periods (before/after). 
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Table 3.2: BACIPS analysis on the effects of marine reserve protection on the abundance of fish species 
in the Taputeranga MR. 
 
 
 
 
 
 
 
 
 
 Results of the LMEM suggested no significant differences in mean density between 
periods (before versus after) for any of the species surveyed (p> 0.05) (Fig. 3.4). 
Significant differences in mean density between reserve and fished areas were only 
observed for banded wrasse (p< 0.001) and spotty (p< 0.001). Banded wrasse density 
was higher in the fished area (outside the reserve) on all sampling occasions except one 
(Fig. 3.4a), and spotty density was higher in the fished area (outside the reserve) in 10 of 
the 19 sampling occasions (Fig. 3.4f). No significant interaction between factors (period 
x status) was detected for any of the species surveyed (p> 0.05), except for spotty (p< 
0.001), with density in fished sites being higher overall before the reserve establishment 
and lower after, while in reserve sites density was lower overall before the reserve 
establishment and higher after (Fig. 3.4f). When I removed the interaction term from the 
model the differences between periods previously reported for spotty were not observed 
(p = 0.6808). Significant differences between sampling occasions were found for all the 
species except for blue cod and blue moki (p< 0.05). 
 When excluding the before dataset, similar results were obtained as significant 
differences in mean density between reserve and fished areas were only observed for 
banded wrasse (p< 0.0001) and spotty (p< 0.001). Banded wrasse density was higher in 
the fished areas (outside the reserve)  
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Figure 3.4: Difference between mean fish density in reserve and fished sites (BACIPS analysis) ± SE for 
each species. (A) banded wrasse, (B) blue cod, (C) blue moki, (D) butterfish, (E) red moki, (F) spotty, (G) 
tarakihi, and (H) trevally. Sampling occasions 1-12 correspond to the period before reserve establishment 
(1998-2008) and sampling occasions 12-19 correspond to the period after reserve establishment (2008- 
2012). The vertical line indicates the division between periods (before/after). 
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 On all sampling occasions (Fig. 3.4a). Spotty density was higher in reserve areas for 
5 of the 7 sampling occasions (Fig. 3.4f). Significant differences were found between 
sampling occasions only for blue moki and spotty (p< 0.05).  
 Results of the t-test suggested no significant differences in mean density between 
reserve and fished areas both before and after the establishment of the reserve for any of 
the species surveyed (p> 0.05), except for banded wrasse and spotty. Banded wrasse 
mean density was higher at fished sites compared to reserve sites in the period after 
reserve establishment (p = 0.003) (Fig. 3.4a) and for spotty mean density was higher at 
fished sites compared to reserve sites in the period before reserve establishment (p = 
0.043) (Fig. 3.4f). When all the RR values (before and after) were pooled together, 
significant differences were only detected for banded wrasse (p = 0.0012). 
 
 
3.4 Discussion 
 
The aim of this chapter was to detect early changes in the abundance of eight fish 
species in the area protected by the TMR. Monitoring the density of large predatory reef 
fishes can be an good indicator of the effect of protection because this index usually 
increases rapidly after the establishment of an MR or MPA (e.g., Halpern & Warner 
2002, Halpern 2003, Micheli et al. 2004, Pande et al. 2008, Babcock et al. 2010, Díaz-
Guisado et al. 2012). It has been suggested that, as has happened in other MRs in New 
Zealand, the exclusion of fishing from the area should enable at least some species to 
recover inside the reserve, particularly targeted species (Ballantine & Langlois 2008, 
Pande 2008, Walls 2008). The faster growing, more productive species like blue cod and 
butterfish are expected to recover within a few years, though they may take a decade or 
more to return to something resembling their natural state (Francis 2008).  
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3.4.1 Early changes in fish density in the Taputeranga MR 
 
Based on the result of the RR analysis performed in the present study, early changes in 
density are evident for most of the species surveyed (all except banded wrasse). For 
these species; most of the RR values after reserve establishment (after sampling 
occasion 13) were > 1, while they varied greatly before the establishment of the reserve. 
Despite those differences, RR analyses suggested no differences between periods for 
any of these species, except for spotty (mean RR values were 0.7 ± 0.12 and 1.5 ± 0.08 
for the periods before and after reserve respectively) (Fig. 3.3f). Blue cod density 
showed the greatest differences between periods (i.e., mean RR values were 3.0 ± 0.49 
and 4.8 ± 0.56 for the periods before and after reserve respectively). However, results 
suggested differences between fished and reserve areas for this species were present in 
both periods (RR values were > 1 in 13 out of 19 sampling occasions) (Fig. 3.3b). The 
reason why differences between periods were not detected for spotty and not for blue 
cod even though blue cod density showed the greatest differences between periods 
(greater than the difference found between periods for spotty) could be the great 
variability associated to the RR values for blue cod).  
 Consistent with the RR results, the analysis of the delta values (BACIPS) indicated a 
greater difference between fished and reserve sites in the after period for most of these 
species and greater variability in the before period. However, the results of the LMEM 
BACIPS analysis suggested no differences between periods for any of the species 
surveyed. Different results were found with the t-test BACIPS analysis, which suggested 
differences between periods for banded wrasse and spotty, even though those 
differences were not evident when observing the data (Fig. 3.4a and f). These 
differences were consistent with the results of the analysis of the delta values (BACIPS) 
as those species (banded wrasse and spotty) had greater effect-sizes i.e., a greater 
magnitude of the environmental impact (Table 3.2).  
 Neither of the methodologies used in the present study detected differences between 
periods for tarakihi. This species was not frequently recorded in the period after reserve 
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establishment. Tarakihi have been described as a highly migratory species and this 
behavior may explain the patterns of abundance observed in the present study. For 
example, Davidson & Richards (2005) found that mean numbers of tarakihi were 
generally higher inside Tonga Island MR, but this difference was relatively small as 
many sites had no tarakihi. As in the present study, tarakahi was detected in many of the 
sampling occasions before the establishment of the reserve but not often after the 
establishment of the reserve, this difference could indicate changes in the species 
composition in the area of study due to MR protection.  
 For most of the species surveyed in the present study, i.e., all except banded wrasse 
and also excluding tarakihi, most of the RR values were found to be > 1 after 
approximately 1 to 3 yr post-reserve establishment, depending on the species. Even 
though not significant, these results suggest early changes inside the TMR. This findings 
are consistent with those reported in chapter two for both blue cod and rock lobster, as 
both species respond rapidly to protection, with RR values >1 being also recorded in the 
first few years after MR designation in most of the MRs studied. 
 
 
3.4.2 Trends in fish density related to species characteristics 
 
Eddy's future ecosystem scenario prediction (for 2050) for the TMR, based on an 
ecosystem model, indicated that some fish species will respond positively to MR 
protection. According to the model predictions, species that are highly mobile may not 
experience increases on biomass (Eddy 2011). Many theoretical studies on the topic 
have reported results that are consistent with these predictions (e.g., Moffitt et al. 2009, 
Langebrake et al. 2011). However, Claudet et al. (2010) in a recent meta-analysis of 
Mediterranean MPAs, defined here as any form of protection and not just no-take MRs, 
calculated the relative densities of fish inside versus outside MPAs, and compared the 
results for species with low, medium or high adult mobility and found that the density of 
fish inside of MPAs (relative to outside) did not decrease as mobility increased.  
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Several spatial and temporal CI comparisons have been performed in New Zealand MRs 
reporting benefits for both sedentary and mobile species. For example, Pande & Gardner 
(2012) performed a spatial and temporal comparison in the Kapiti MR after eight years 
of protection and detected that reservation status has had a significant effect on density 
or length for four fish species (banded wrasse, blue cod, butterfish and blue moki), 
which is consistent with reports from other MRs in New Zealand (e.g., Davidson & 
Abel 2002, Taylor et al. 2005, Davidson et al. 2007, 2009, Díaz- Guisado et al. 2012 
among others). My findings, especially the results of the RR analysis, indicated that the 
TMR is having an effect on most of the species surveyed, but specially on blue cod. 
Tagging studies examining the movement patterns of blue cod have shown that most of 
the recaptured individuals moved less than 1 km (e.g., Cole et al. 2000, Carbines 2003, 
Struthers 2004, and see chapter six). However, according to a tagging study performed 
in chapter six, from the total number of fish recaptured (48), 4,2 % moved between 10-
50 km, 4,2 % moved between 50-100 km and 8,3 % moved > 100 km. According to the 
this evidence, blue cod could be classified as a species with moderate mobility. It is 
important to notice that, blue cod is one of the most popular species of fish among 
recreational fishers in the study area and have been heavily fished in the study area, 
therefore it is predicted to benefit from MRs.  
The only highly mobile species for which a reserve effect was detected in the present 
study, was blue moki (i.e., tarakihi and trevally were only detected on few occasions 
after reserve establishment). Other studies of NZ MRs have also shown signs of 
recovery for this species for example, Davidson et al. (2007) found that blue moki have 
shown relatively small but positive changes in the Tonga Island MR and the Long 
Island-Kokomohua MR. However these authors suggested that no detectable patterns of 
change in blue moki density can be attributed to reservation status in the Tonga Island 
MR due to the fact that densities inside and outside reserve were low with occasional 
individuals being recorded. In the present study, blue moki was recorded in small 
numbers, on 18 out of 19 sampling occasions. However, the behaviour of this species 
could  influence its detectability and lead to inaccurate abundance estimations. Blue 
moki usually camouflage themselves amongst vertical kelp strands and spend a lot of 
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time in caves and crevices, only venturing into the open to feed mainly at dawn and 
dusk (Francis 2008). Blue moki is a highly valuable commercial and customary 
resource, especially in the northern territory. Adult individuals (larger than 40 cm) join 
the spawning stocks offshore (Francis 2008). The legal size for the species is 40 cm, 
therefore, the fishing effort concentrates in deeper areas. However, no formal statistics 
on fishing effort in the study area exists. 
 In terms of the non-target species surveyed in the present study, the results suggested 
that banded wrasse, a sedentary species, has not been positively affected by the TMR. 
These results contrast with those reported by Pande & Gardner (2012) in the Kapiti 
Marine Reserve and Haggitt et al. (2008) in the Cape Rodney to Okakari Point Marine 
Reserve. However, my results are consistent with many other studies around New 
Zealand (e.g., Denny et al. 2003, Taylor et al. 2003, Davidson et al. 2007). However, 
non-target species have not usually been the focus of monitoring surveys and not too 
much evidence is available to allow comparisons. The other non- target and also 
sedentary species, spotty, has responded positively to MR protection in the TMR. Spotty 
was one of the most abundant species in the present study, and also in the baseline study 
performed by Pande et al. (2008), and given their abundance and widespread 
distributions they are likely to have an ecologically important role in the community 
(Pande & Gardner 2008). It has been established that reserve effects are not restricted to 
the recovery of target species alone and the recovery of such predatory or „keystone‟ 
species has considerable influence on the abundance of other species in the reserve (e.g., 
Castilla 1999, Babcock 2003, Shears & Babcock 2003), therefore changes in abundance 
of non-target species are expected and should be monitored. 
 
 
3.4.3 Use of RR and BACIPS for assessing MR effectiveness 
 
Pelletier et al. (2008) suggested that the examination of the status of protected areas 
reveals that methodologies for assessing conservation and fisheries-related effects of 
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protected areas could be improved. In this context, even though many metrics have been 
contemplated for studying protected areas, only few appear to be relevant and effective 
(Pelletier et al. 2005). It has been suggested that, coupling historical data from before 
and after the establishment of a reserve, in which variables related to ecological changes 
in the assemblages are monitored, may help to understand the sources of ecological 
variability at different scales, as well as the response of different systems to 
conservation and fisheries measures that have usually been overestimated due to the 
reliance on assessment designs that confound pre-existing differences with intended 
differences of protection (Pelletier et al. 2008, Osenberg et al. 2006, Osenberg et al. 
2011).  
 The methodologies used in the present study (RR and BACIPS) are based on the 
evaluation of long-time series of data. Both RR and BACIPS are not the traditional 
approaches used for the evaluation of the effects of protection provided by MPAs and 
MRs. Results reported in chapter two indicated that the RR meta- analysis is easier (less 
time-consuming) to employ and the results are easier to interpret compared to the most 
frequently employed effect-size, Hedges‟ g. With respect to the BACIPS analysis, this 
method has been identified as the most powerful assessment design to detect change in 
MRs according to Osenberg et al. (2006), but it is rarely used. Here, both the RR and 
BACIPS analysis were used as a descriptive approach whereas a null hypothesis testing 
analysis was also performed.  
 Overall, the results of the effect-size analysis, both RR and BACIPS, indicated 
differences between periods for most of the species surveyed but apparently the changes 
were too small and not enough to be detected with the statistical analysis performed 
here, likely, due to the high variability observed in the dataset. These results suggested 
that, even though non-significant differences were observed, a reserve effect is evident. 
Differences between the analyses performed (descriptive versus null hypothesis testing) 
suggest differential power to detect change in protected areas between this 
methodologies. In this context, it has been suggested that the focus of assessment studies 
should be on the magnitude of effects and their uncertainty, and less about whether there 
is a demonstrable (but possibly tiny) effect (Stewart-Oaten 1996a, Osenberg et al. 
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2006).  To compare the power of the analyses performed here would be useful to design 
an analysis to calculate the minimum effect size (e.g., RR or delta values) required to 
detect an effect of a given size with the statistical analyses performed (e.g., t-test  and 
LMEM). This may provide an indication of the power of the effect size analyses in 
terms of their ability to detect the magnitude of the changes occurring in MRs. 
 An important limitation of the methods used in the present study is related to the lack 
of consideration on both the distribution of the fishing effort outside the MR and the 
location of the sampling points both inside and outside the reserve relative to its 
boundaries. The spatial distribution of fish inside and outside the reserve should be 
strongly affected by the distribution of fishing effort outside reserves (Kellner et al. 
2007). All the species surveyed, with the exception of banded wrasse and spotty, are 
important for the commercial or recreational fisheries in the area, or both. The larger 
edible species of fish have been harvested along the Wellington's south coast for more 
than 150 years and at the present time, most fishing pressure comes from recreational 
fishers. In the case of blue cod, one of the most popular fish species in the study area, 
there are not official data available on the distribution of the fishing effort of 
recreational fishers in the area but based on personal observation fishing effort is high in 
areas adjacent to the boundaries of the reserve. This may lead to the overestimation of 
differences between reserve and fished areas (e.g., high RR values). In the present study, 
very high RR values were recorded for blue cod, especially after reserve establishment. 
In this context, it would be worth to incorporate harvester behaviour as a variable in the 
analysis of MR effects when using the RR and BACIPS methodologies. 
 In terms of the consideration of the sampling location both inside and outside the 
reserve relative to its boundaries, Kellner et al. (2007) suggested that ignoring the 
locations of sampling within and outside the MR can greatly influence the resulting 
response ratios (i.e., the magnitude of measured reserve impacts). They suggested that 
for most species, except sedentary ones, comparisons between sites outside reserves 
with sites inside reserve but close to the boundaries should suggest smaller benefits than 
those comparisons with reserves sites closer to the centre of the reserve. The scale of 
movement rates and the fishery are both likely to play large roles in this variation 
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(Kellner et al. 2007). In terms of the design of the present study, the monitoring sites   
are well spread over a 12 km stretch of coast and they provide a good representation of 
the variety of the shore line and its biota (Pande & Gardner 2008),  i.e., a well balanced 
design.  
 Overall these results, i.e., positive changes in density for most of the species surveyed 
in the area protected by the TMR, suggested that the TMR is having a positive effect on 
several fish species, including target and non-target species and highly mobile and 
sedentary species. Eddy (2011) predicted that further changes will occur in the TMR. 
According to his model, the overall biomass of the ecosystem protected is predicted to 
increase and return to a more historical (10% greater average biomass per unit area in 
comparison to the present ecosystem) state in the absence of fishing. 
 
 
3.5 Conclusions 
 
Overall the results of the effect-size analyses (both RR and BACIPS) based on the 
differences between fished and reserve areas over a 14-yr period indicate that early 
changes are evident in the area protected by the TMR for most of the species surveyed.  
The present study represents a valuable contribution in terms of the comparison of 
descriptive and null hypothesis testing approaches. Also, the data set used in my 
analysis represents one of the most comprehensive and robust baseline data sets 
available in New Zealand and also worldwide for quantifying MR effects. 
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Chapter 4 
 
 
Comparison of Two Baited 
Underwater Video (BUV) Methods 
for the Determination of Reef Fish 
Abundance and Size 
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4.1 Introduction 
 
Estimating the abundance of organisms is central to many ecological field studies and 
essential to any ecological model (Thompson & Mapstone 1997, Cole et al. 2007, 
Colton & Swearer 2010). Abundance is a commonly used proxy for population size and 
is thought to reflect the status of a population within a specific location; for example, 
whether or not the population is growing over time (Pomeroy et al. 2004). Species 
abundance is also one of the most widely used biological measures of ‘success’ and has 
been widely used to determine the effectiveness of Marine Protected Areas (MPAs), 
including all form of protection, not only no-take reserves or marine reserves (MRs) (see 
Pomeroy et al. 2004, Pande et al. 2008, see chapter two). Furthermore, the ability to 
make accurate estimates of relative abundance is the basis of both ecological and 
environmental studies (Gardner & Struthers 2012). However, accurately assessing 
population abundance in the marine environment is very challenging due to the 
interspecific differences in body size, habitat association, aggregative behaviour and 
mobility among species (Ward-Paige et al. 2010, Bozec et al. 2011). Therefore, it is not 
surprising that numerous techniques have been developed to sample subtidal marine 
communities (Kingsford 1998, Willis & Babcock 2000, Colton & Swearer 2010). 
 The most common fishery-independent methodology to assess reef fish populations is 
in situ observation. Among these methods, underwater visual census (UVC) performed 
by divers is one of the most popular and practical methods for studying the distribution 
and abundance of reef fish populations (Kingsford 1998, Langlois et al. 2006). The 
UVC survey allows for the collection of a great variety of other variables (e.g., species 
composition, habitat characteristics and fish size) (Stobart et al. 2007). UVC has been 
frequently used to investigate changes in fish abundance in MPAs/MRs due to its non-
destructive nature (Hannah & Blume 2012). However, despite its widespread use, 
limitations of the method are well known as there are a number of methodological errors 
in almost all applications of visual surveys, most of which result in inaccurate 
estimations of population abundance or failure to correctly estimate the length of 
individuals (Sale & Sharp 1983, Bell et al. 1985, Harvey et al. 2001, Edgar et al. 2004b, 
Dickens et al. 2010, Ward-Paige et al. 2010, Jind 2012). 
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 Problems associated with the UVC include observer errors, e.g., those related to the 
diver's ability to identify and accurately count individuals (Harvey et al. 2004). 
Unfortunately, due to the growing demand for large-scale, long-term monitoring that 
requires large amounts of fieldwork, it is inevitable that observers will change from 
place to place and through time so it is essential to be able to distinguish observer bias 
from real spatial or temporal patterns (Thompson & Mapstone 1997, Kingsford 1998). 
However, some authors have noticed that despite preliminary training and the use of 
experienced observers, bias between observers persisted (St. John et al. 1990, Mapstone 
& Ayling 1993, Thompson & Mapstone 1997). Another potentially serious problem in 
UVC sampling is the reaction of the fish to the diver, the so-called diver effect. It has 
been reported that probably, the greatest source of heterogeneity in detectability was 
caused by species characteristics, e.g., behaviour (Sale & Douglas 1981, Kulbicki 1998, 
Watson & Harvey 2007, Pelletier et al. 2011, Ward-Paige et al. 2010, Bozec et al. 
2011). The behaviour of many fishes changes in the presence of divers, some fish tend 
to move away or hide while others may be attracted, decreasing or increasing counts 
correspondingly (e.g., Watson et al. 1995, Kulbicki 1998, Willis et al. 2000, Willis 
2001, Langlois et al. 2006, Watson & Harvey 2007). Negative interactions with divers 
have been repeatedly documented (e.g., Kulbicki 1998, Kulbicki & Sarramegna 1999). 
Dickens et al. (2010) recorded a marked decline in fish abundance as a result of ongoing 
diver presence while conducting UVC surveys. They reported the diver effect resulted in 
a 52% decrease in the mean number of individuals recorded, with declines of up to 70% 
in individual families. Similar results were found by Stanley & Wilson (1995) (mean 
fish density declined between 41% and 77%). Other studies have also suggested that 
behavioural responses of fish to fishing pressure have implications for marine science, 
predicting that responses could vary between protected and fished areas, i.e., between 
protected and fished sites in studies monitoring the effect of protected areas, leading to 
the underestimation of the biomass in fished areas (e.g., Feary et al. 2010). Human 
activities in protected areas could result in fish becoming accustomed and attracted to 
divers possibly due to the long-term interactions with divers (Cole et al. 1990, Cole 
1994). Therefore, the potential for inaccurate fish abundance measurements is high in 
monitoring surveys, which may lead to the overestimation of differences between fished 
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and protected areas (e.g., Willis et al. 2000). Cole (1994) and Cole et al. (1990) stated 
that fish feeding by visitors at the Cape Rodney - Okakari Point (Leigh) Marine Reserve 
in New Zealand has resulted in snapper exhibiting diver-positive behaviour at some sites 
inside the reserve while outside the reserve they actively avoid divers. This has resulted 
in higher abundance estimates at sites subjected to very high levels of usage by divers 
even though the transect sampling technique used in the study was designed to minimize 
the possibility of diver-oriented behaviour interfering with density estimates. There is 
also a possibility that certain sizes of fish may avoid or positively react to the presence 
of divers, for example, it had been reported that large blue cod in MRs regularly follow 
and often bite divers (Davidson & Richards 2005). These variables combined with diver 
estimate variation lead to the possibility of large inaccuracies in the estimation of fish 
abundance and size. For example, St John et al. (1990) suggested that it is difficult to 
obtain highly accurate estimates of biomass for populations of reef fish using UVC even 
under very favourable circumstances so that accurate estimates of biomass derived from 
this technique are likely to be more difficult to obtain for large, highly mobile species of 
reef fishes.  
 Biases in underwater surveys can vary between methods, as well as between species. 
These biases can be sufficiently strong to produce erroneous conclusions and/or 
inconsistencies across survey methods. Therefore it is of vital importance that the survey 
method is chosen with this in mind (Willis et al. 2000). To avoid the biases introduced 
by UVC due to changes in fish behaviour, remote (surface-based) sampling methods 
have been introduced, including a variety of electronic media, for example baited 
underwater video (BUV) techniques (see Jennings & Polunin 1995, Willis & Babcock 
2000, Cappo et al. 2006, Willis et al. 2003a). Application of this technique has 
increased markedly in recent years (e.g., Denny et al. 2004, Watson et al. 2005, 
Langlois et al. 2006, Hannah & Blume 2012). The technique has evolved and the use of 
bait was a solution to the problem of low fish counts as bait can greatly increase the 
sampling area by attracting fish from potentially large areas. In addition, BUV has the 
added advantage of recording non-predatory species that are attracted due to curiosity as 
well as those species that would be passing through the field of view (Cappo et al. 2004, 
2006).  
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 Willis et al. (2000) through a comparative study (BUV vs UVC) found that BUV 
surveys returned more precise (i.e., lower variability) estimates than UVC, especially for 
snapper, a large predatory fish, probably due to the extreme between-site variability in 
the response of this species to divers in the area of study. In the same study, with the 
exception of just one individual in an fished area, snapper where detected by divers only 
in reserve areas where fish are known to exhibit diver-positive behaviour, while other 
methods (e.g., angling an BUV surveys) showed that snapper were present in all of the 
fished areas. Willis et al. (2000) suggested that the results of UVC are likely to be less 
reliable than remote-sampling methods for snapper. Other studies have also reported that 
UVC underestimates the abundance of common species (i.e., fish from the family 
Labridae) (Brock 1982, Watson et al. 2005), cryptic species (Brock 1982, Ackerman & 
Bellwood 2000, Willis 2001), and large predatory species (Davis & Anderson 1989, 
Cole 1994, Jennings & Polunin 1995, Willis & Babcock 2000). Gardner & Struthers 
(2012), in a comparison among survey methodologies to test for abundance and size of 
blue cod, found that the BUV methodology was more efficient, had lower levels of 
estimate variation than UVC and also recorded more fish and individuals from a greater 
size range than UVC, and had fewer zero count replicates. The BUV methodology also 
revealed highly significant differences in the abundance and size of fish between sites 
(reserve vs fished), whereas UVC revealed no such differences. Colton & Swearer 
(2010) found that neither UVC nor BUV was particularly effective at observing cryptic 
species and while BUV can sometimes underestimate the density of species that form 
schools (i.e., there is an upper limit to the number of fish that can be viewed in a frame), 
UVC could overestimate the density through the recounting of individuals. Overall, 
several authors have suggested that BUV is the best method for observing mobile 
predators and species targeted by fishing (e.g., Willis & Babcock 2000, Watson et al. 
2005, Colton & Swearer 2010). Finally, Willis & Babcock (2000) and Watson et al. 
(2005) found that some species that have shown diver avoidance in previous studies 
were only detected by BUV, this being of particular interest in the case of protected 
areas, as fish behaviour can vary markedly among sites, leading to inaccurate 
measurements. 
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 In general, BUV has been particularly important for surveying the abundance and 
size of fish species in protected areas where non-destructive sampling is essential (e.g., 
Willis et al. 2000, Westera et al. 2003, Denny & Babcock 2004, Denny et al. 2004, 
Langlois et al. 2006). Other advantages of BUV include the acquisition of a permanent 
record that can be checked by several observers as many times as necessary and 
removes the need for specialist observers to conduct all fieldwork (Cappo et al. 2006). 
Despite this, several studies have suggested that a combination of techniques is likely to 
be necessary when multispecies analyses are being performed (Willis & Babcock 2000, 
Watson et al. 2005). 
 It is also important to recognize the limitations of BUV techniques that include for 
example, difficulties in determining area sampled when using bait which will vary 
depending on currents, wave action, topography, fish appetite, feeding activity and bait 
type amongst others (Priede & Merret 1996, Priede et al. 1998, Sainte-Marie & 
Hargrave 1987, Bailey & Priede 2002, Cappo et al. 2004), or competitive exclusion of 
some species by others attending the bait (Willis & Babcock 2000, Bailey & Priede 
2002, Cappo et al. 2006). Also, Willis et al. (2000) and Willis & Babcock (2000) 
recognized an important limitation of the technique that is related to the fact that there is 
an upper limit to the number of fish that can simultaneously occur in the BUV field of 
view, which would possibly cause underestimates of abundance at high density sites that 
may be problematic when attempting to detect differences between areas of high versus 
low fish abundance. 
 The aim of the present study is to address this latest limitation by exploring 
differences between two BUV techniques in terms of their ability to record abundance 
and size of reef fish. While the BUV methodology has been previously used in the 
determination of fish abundance to assess differences between protected and fished 
areas, the two commonly used BUV techniques (vertical and horizontal deployment) 
have not been evaluated. The present study will represent a valuable contribution in 
terms of the determination of the best methodology to accurately assess the abundance 
of fish populations in situ and this method will be subsequently used in chapter five. 
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4.2 Methods  
 
The study experimental design was based on the detection of differences in species 
richness, abundance (expressed as density, i.e., number of individuals per area) and size 
(total length) of reef fishes between two BUV methodologies. 
 
 
4.2.1 Study area 
 
The study took place on the south coast of Wellington (Fig. 4.1). Refer to chapter three 
for a detailed description of the study area. 
 
 
4.2.2 Site selection 
 
Four sites along the Wellington south coast were chosen for the study (Fig. 4.1). Two of 
those sites, Yung Pen and Princess Bay have been focus of monitoring surveys for the 
Taputeranga Marine Reserve (TMR) since the establishment of the reserve (see chapter 
three) and the other two sites, Island Bay and Waitaha Cove were chosen because they 
were also surveyed in a BUV survey and a catch – mark – release (CMR) survey (see 
chapters five and six) and are easily accessible sites that had good conditions for the 
deployment of the BUV (i.e., high availability of flat substratum).  
 
 
4.2.3 Survey methodology: baited underwater video (BUV) survey 
 
BUV surveys were conducted on near shore rocky reefs at the four selected sites 
between September and October 2011. Based upon recommendations made by Willis & 
Babcock (2000), substrata with high vertical relief were avoided and the camera was 
normally placed on flat sandy substratum adjacent to the reef edge to ensure the stability 
of the BUV station and also to avoid the presence of kelp that could interfere with the 
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fish counts and length measurements. The depth of deployment was limited to a 
maximum of ~10 m due to the nature of the habitat and visibility, allowing divers to 
visualize the substratum where the camera was deployed from the surface to avoid high 
relief areas. 
 
 
 
Figure 4.1: Map of the study area showing the sites surveyed. From west to east: Yung Pen, Island Bay, 
Princess Bay, and Waitaha Cove. Green area corresponds to intertidal reef.  
 
 
 Underwater video footage was captured using a Cannon MV500i video camera in an 
Ikelite
TM
 underwater housing mounted into a tube steel frame. Two different BUV 
techniques were evaluated, a vertical set up, based upon the format of Willis & Babcock 
(2000) and Willis et al. (2000) as modified and employed by Gardner & Struthers 
(2012), and an horizontal set up based upon the format of Cappo et al. (2004) and 
Langlois et al. (2006). The former had a triangular base with a vertical pole from the 
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base reaching to 115 cm above the substratum and the camera was mounted facing 
directly down towards the substratum where a bait pot was placed directly below the 
camera’s central field of view (Fig. 4.2a). The latter had a rectangular base with a pole 
extending from the frame’s base and the bait pot was placed at the end of the pole. The 
camera was mounted facing forward towards the bait pot (Fig. 4.2b). In both cases the 
pole where the bait pot was placed was marked with five cm graduations to allow the 
measurement of fish during the analysis in the laboratory. Approximately 200 g of 
crushed pilchard was used for bait and also a piece of squid was attached to the top of 
the bait pot to attract the fish.  
 
 
 
 
Figures 4.2: BUV camera view. (A) vertical BUV camera stand and (A) horizontal BUV camera stand  
 
 
 The camera was deployed from a boat onto or immediately next to a flat substratum. 
Usually two divers assisted the deployment; this involved divers entering the water to 
  
 
        
            80                                                                                                         CHAPTER 4. BUV COMPARISON 
 
 
 
search for suitable flat substrate before each deployment. Recording was initiated before 
the deployment of the camera. Sampling consisted of three randomly replicated 15 min 
deployments of both of the BUV techniques at each of the four sites (total of 24 drops). 
Replicates were deployed within a radius of approximately 10 to 50 m depending on the 
site.  
 
 
4.2.4 Video footage analysis: density and length estimations 
 
In the laboratory, analysis of the BUV data consisted of downloading the video footage 
to the computer for storage and subsequent analysis. Analysis of the footage was 
initiated once the stand had reached the bottom. The video was divided up into 30 sec 
intervals within which the numbers of blue cod and any other fish species present were 
recorded. For each 15 min of footage the maximum number of individuals of each 
species observed in a single frame (Nmax) was recorded. Nmax is a conservative 
measure of relative density that avoids the recounting of individuals that repeatedly visit 
the bait. This index was only recorded once per deployment and consistently with its use 
in previous studies the mean relative density indices were expressed in units of Nmax 
per 15 min, the maximum number of fish in the 15 minutes of deployment (e.g., Willis 
& Babcock 2000, Willis et al. 2000, Gardner & Struthers 2012).  
 For the most frequently observed species (blue cod and spotty), the total length to the 
nearest 1 cm of each individual present in each Nmax frame was measured by 
comparing the fish total body length to the five cm gradations marked on the camera 
stand. Measurements were made only of those fish present when the Nmax was recorded 
to avoid repeated measurements. Only those fish that were close to the graduated pole 
were measured to ensure accuracy. Therefore on many occasions it was not possible to 
measure all the fish in each Nmax frame. When measuring the length of blue cod from 
the vertical BUV station footage, the size of the fish was estimated by measuring the 
length of the fish's head (mouth to gill cover) instead of the total length due to the fact 
that many times fish were actually larger than the field of view and could not be 
accurately measured. The total length of blue cod was then calculated based on a 
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previously estimated relationship between head length and total length based on data 
recorded on the CMR survey performed in chapter six (n = 107, R2 = 0.9075, p< 0.001) 
(Fig. 4.3).  
 
 
 
 
Figure 4.3: Relationship between fish head length (cm) and total length (cm) for blue cod. 
 
 
4.2.5 Statistical analysis 
 
4.2.5.1 Density and length analysis 
 
To detect differences in mean density recorded with each methodology I calculated 
Nmax (per 15 min) for the most frequently observed species, blue cod and spotty, and 
for the less common species as a single group (5 and 6 species for the vertical and 
horizontal BUV technique respectively) due to the low abundance recorded for those 
species.  
 Due to the nature of the data (i.e., counts) a Linear Mixed-Effects Model was used to 
determine differences in density expressed as Nmax per 15 min of camera deployment 
between the two BUV techniques (vertical versus horizontal). Also, in BUV surveys, 
overdispersion can arise due to pseudoreplication, that is, due to correlation between 
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replicates that result from the sampling design (Hurlbert 1984). For example, three 
deployments taken at each site cannot necessarily be considered to be truly independent 
replicates from the survey area because of between-site variability. Here, the 
overdispersion induced by the sampling design was explicitly accounted for in the 
analyses of the BUV data by the inclusion of random effects. 
  The analysis was carried out using the R statistical software package (R Core Team 
2012). The model was fitted using the generic function lme of the nlme R package 
(Pinheiro et al. 2011). The model was fitted with orientation (vertical/horizontal) as a 
fixed factor, and with site as random factor. Any interaction between factors was also 
tested (i.e., orientation x site). A log-linear model was used to describe the expected 
counts and was fitted using maximum likelihood. Data were log transformed to meet the 
test assumptions. I ran separate analyses for blue cod, spotty and the less common 
species as a single group.  
 To detect differences in mean length recorded with each methodology I calculated the 
mean fish length only for the most common species, blue cod and spotty. The same 
model used in the density analysis was used in the length analysis. As previously 
established, it was not possible to measure all the fish in each Nmax frame leading to 
missing data. This did not represent a problem because it has been suggested that 
likelihood based methods are useful tools to handle missing data (Little & An 2004, 
Hedeker & Gibbons 2006).  
 To determine the ability of each BUV methodology to measure fish length, a 
Bayesian analysis was performed in order to predict and compare the number of fish 
measured per methodology during each deployment. The analysis was carried out in the 
statistical package IBM SPSS Statistics 20.0 (IBM Corp. 2011). The model fitted 
assumed that the probability of measuring a fish is linear (on the logit link scale) with 
the abundance of fish able to be measured. This was fitted with a binomial model. The 
binomial model is such that it describes the probability of obtaining n successes given N 
trials. As such it is ideal for analysing these data. I treated each replicate as N trials 
where N is the abundance, and the number of measured fish is the number of successes, 
n. This is governed overall by a probability of success P. I modelled the logistic of P 
(i.e., log(P/(1-P)) as a linear relationship of abundance with parameters Intercept and  
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Slope, governed by the equation. 
 
log 𝑃  1− 𝑃   =Intercept+Slope ∗ 𝑁 
 
 The models were run with standard non informative priors (Int ~ dnorm (0, 0.0001), 
Slope ~ dnorm (0, 0.0001). The expected values were modelled by multiplying the 
density by the modelled probability for that abundance. 
 
 
4.2.5.2 Species richness analysis 
 
To detect differences between the number of species observed with each methodology I 
used Margalef's richness index (Margalef 1968): 
 
d=
 𝑆−1 
 log𝑒𝑁 
, 
 
where S is the total number of species and N is the total number of individuals in the 
sample.  
 
 To detect differences in mean species richness (Margalef's index) recorded with each 
methodology I used the same model used in the density and length analysis. 
 
 
4.3 Results 
 
4.3.1 Differences in species richness between methodologies. 
 
A total of seven species were recorded using the horizontal BUV technique, and six 
species using the vertical BUV technique, five of them being common between the two 
methodologies (Table 4.1). From those five species that were observed using both 
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techniques, two of them were wrasses that belong to the family Labridae, spotty 
(Notolabrus celidotus) and banded wrasse (N. fucicola). Less abundant, but also 
common across the two methodologies were the common conger eel (Conger verreauxi) 
and trumpeter (Latris lineata). Blue cod (Parapercis colias) from the family 
Pinguipedidae was also common between the two methodologies. Blue cod and spotty 
were the most frequently observed species in the study (Table 4.1). 
 
 
 Table 4.1: Abundance (number of fish) and occurrence (number of deployments where fish were 
recorded) of fish species for both BUV methodologies. Also, the average number of that species recorded 
per deployment and the standard errors are shown. 
 
 
 
 Two species were only observed when using the horizontal BUV technique; one of 
them was scarlet wrasse (Pseudolabrus miles) a labrid, the other was blue moki 
(Latridopsis ciliaris) from the family Latridae. Finally, one species was only observed 
using the vertical BUV technique, the dwarf scorpionfish (Scorpaena papillosus), which 
belongs to the family Scorpaenidae. 
 No significant differences were detected in the mean species richness (Margalef's 
index) between techniques (p = 0.8034) or between sites (p> 0.05), and there was no 
significant interaction between factors (i.e., orientation x site) (p> 0.05) (Fig. 4.4). 
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Figure 4.4: Mean species richness ± SE recorded at all the sites surveyed with both BUV techniques. YP: 
Yung Pen; IB: Island Bay; PB: Princess Bay; WC: Waitaha Cove. 
 
 
4.3.2 Differences in species density between methodologies. 
 
Overall no significant differences were observed in the mean density between 
techniques for blue cod (p = 0.594), spotty (p = 0.178) and the ‘other’ species group (p = 
1) (Fig. 4.5). Significant differences in mean density between sites was only observed 
for blue cod and the other species group (p< 0.05), but not for spotty (p> 0.05) (Fig. 
4.5b). Blue cod mean density recorded with both techniques was substantially higher in 
the western sites (i.e., YP and IB) being almost 20 times higher at the highest density 
site compared with the site were the lower density was detected for the horizontal 
methodology (i.e.,  Nmax of 6.33 versus 0.33), and 10  times  higher  for the vertical 
methodology (i.e., Nmax of 6.33 versus 0.66) (Fig. 4.5a). The mean density of the other 
species recorded with both methodologies was higher in the far west site (Yung pen), 
being five times higher compared with the site where the lowest density was detected 
with the horizontal methodology and six times higher compared with the site were the 
lowest density was detected with the vertical methodology (Fig. 4.5c). There was no 
significant interaction between factors (i.e., orientation x site) (p> 0.05) (Fig. 4.5). 
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Figure 4.5: Mean density (Nmax) ± SE for each fish species recorded with the two BUV methodologies 
(Horizontal/Vertical). (A) blue cod, (B) spotty and (C) other species. No error bars are displayed when the 
SEs are too small. YP: Yung Pen; IB: Island bay; PB: Princess Bay; WC: Waitaha Cove. 
 
 
4.3.3 Differences in species length between methodologies. 
 
Overall the effect of the orientation of the camera on fish length was significant for both 
blue cod (p< 0.00001) and spotty (p = 0.0145), with mean fish length estimates being 
greater for the vertical BUV station (Fig. 4.5). For blue cod, at Waitaha Cove (far east 
sites), the length estimates were more than twice as high for the vertical BUV station 
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compared to the horizontal BUV station (Fig. 4.5a). No significant differences in mean 
fish length were found between sites for blue cod or spotty (p> 0.05) and there were no 
significant interactions between factors (i.e., orientation x site) (p> 0.05) (Fig. 4.5).  
 
 
 
Figure 4.6: Mean length (cm) ± SE for each fish species recorded with the two BUV methodologies 
(Horizontal/Vertical). (A) blue cod and (B) spotty. No error bars are displayed when the SEs are too 
small. YP: Yung Pen; IB: Island Bay; PB: Princess Bay; WC: Waitaha Cove. 
 
 
 The expected values predicted by the Bayesian analysis with the corresponding 
confidence intervals (95%) were plotted in Fig. 4.7. The curves overlapped at low 
abundance levels, but as abundance increased (i.e., over 8 fish were recorded) the curve 
representing the vertical BUV technique seemed to reach a point of stability, while the 
curve representing the horizontal BUV technique kept increasing, suggesting that the 
horizontal BUV technique will allow the measurement of more fish compared to the 
vertical BUV technique. Confidence intervals increased as the abundance of fish 
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increased for both the horizontal and vertical BUV technique and whilst they do overlap 
they follow the curve trajectory. 
 
 
 
Figure 4.7: Number of fish measured as function of fish abundance. Expected values (dotted line) with 
corresponding 95% confidence intervals (solid line). YP: Yung Pen; IB: Island Bay; PB: Princess Bay; 
WC: Waitaha Cove. 
 
 
4.4 Discussion 
 
The aim of this chapter was to detect differences between two BUV methodologies in 
order to determine the best methodology to estimate reef fish density and length. The 
reliability of BUV has been compared to other commonly used methodologies and some 
authors have recognized several limitations of the more traditional approaches, 
recognizing that the BUV provided the most reliable measure of density of reef fishes 
(e.g., Willis et al. 2000, Gardner & Struthers 2012). However, Willis et al. (2000) 
suggested that some methodological approaches that may be appropriate for one species 
may not be appropriate for another and consequently different survey methods should be 
considered according to the biology and behaviour of the species of interest. Several 
studies have suggested that the BUV technique is a good methodology for the 
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quantification of conspicuous species, for example, mobile predators and species 
targeted by fishing (e.g., Willis & Babcock 2000, Cappo et al. 2004, Watson et al. 2005, 
Watson & Harvey 2007, Gardner & Struthers 2012). Indeed, the BUV method has been 
used in a number of monitoring surveys around New Zealand only for the estimation of 
abundance and size of carnivorous species that are difficult to survey with traditional 
diver mediated census techniques, for example, snapper and blue cod (e.g., Babcock et 
al. 1999, Taylor et al. 2003, Denny et al. 2004, Gardner & Struthers 2012). However, to 
my knowledge, no previous study has evaluated the differences between the two 
commonly used BUV techniques (vertical and horizontal set up). 
 
 
4.4.1 Effect of the orientation of the BUV station on species richness 
 
The results of the present study suggested that there are no major differences between 
the techniques in terms of their ability to detect reef fish species, i.e., no significant 
differences in species richness between the two BUV techniques, between sites or 
significant interaction between factors (i.e., orientation x size). Indeed five species were 
common to the two BUV techniques. From those five species, blue cod, spotty and 
banded wrasse are conspicuous carnivorous species commonly found in shallow rocky 
reef habitats in the study area (Francis 2008). Blue cod and spotty were the most 
abundant species recorded in the study, while banded wrasse was less abundant but still 
common. Spotty are much smaller than blue cod (i.e., maximum length of 
approximately 30 cm compared to 60 cm) but they are very inquisitive and usually 
approach divers. Blue cod is characterised by a fearless and inquisitive behaviour, being 
also described as a dominant and aggressive species (Francis 1988, 2008). Blue cod, 
spotty and banded wrasse were among the most common species found during UVC 
surveys performed in the study area, i.e., present in most of the sites surveyed and/or in 
greater abundance compared to other species (see chapter three and five). Banded 
wrasse and spotty are both wrasses from the family Labridae. Colton & Swearer (2010) 
found that conspicuous species from the family Labridae were frequently observed in 
BUV samples (i.e., observed in 89% of the samples) and Denny et al. (2003) reported 
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similar results. In this context BUV provides an advantage over other methodologies, for 
example the UVC that have been found to underestimate the abundance of common 
labrids species (Brock 1982, Watson et al. 2005). However labrids species have been 
among the most abundant species found with the UVC methodology in the study area 
(see chapter three and five). 
 The two other species common between the two BUV techniques, the common 
conger eel and the trumpeter are also conspicuous species that can reach large sizes (i.e., 
maximum length of approximately 200 cm and 110 cm for conger eel and trumpeter 
respectively), both are common in the study area (Francis 2008, Díaz-Guisado 
unpublished data). Conger eels are cryptic species that usually hide deep in holes and 
crevices by day and at night they leave the shelter and rove around searching for prey 
(Francis 2008). Colton & Swearer (2010) suggested that stationary cameras were less 
effective than other methodologies in the detection of cryptic species. However, in the 
present study the conger eel was recorded at one site with both BUV techniques. Conger 
eels are carnivorous and therefore attraction to the bait could explain the occurrence of 
the species in the proximity of the baited stations. On the other hand, juvenile trumpeter 
live in shallow reef habitats year-round before migrating to deeper grounds and are often 
seen singly or in small groups (Francis 2001). Trumpeter is also carnivorous species that 
has been reported, also in very low abundance and in only a few sites, with the UVC 
methodology in the study area (Díaz-Guisado unpublished data).  
 From those species that were only observed with the horizontal BUV technique, 
scarlet wrasse also belongs to the family Labridae and even though it is less common 
than spotty and banded wrasse it is still common in the study area, being frequently 
found under the kelp canopy in deeper rocky reef habitats (Francis 2008). The species is 
described as uncommon partly because of its shy behaviour, and they are often hidden 
from view (Francis 2008). Indeed, the species has not been included in monitoring 
surveys performed in the study area since before the reserve establishment due to its low 
abundance. However, the species was classified as a common species in a UVC survey 
performed in chapter five and was found in most of the sites surveyed (i.e., seven out of 
eight). Scarlet wrasse is an herbivorous species and even though Colton & Swearer 
(2010) found that BUV recorded more carnivorous than herbivorous species, others 
authors have reported that the BUV methodology has the added advantage of recording 
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non-predatory species that are attracted due to curiosity as well as those species that 
would be passing through the field of view (e.g., Cappo et al. 2004, 2006). Harvey et al. 
(2007), when comparing baited and unbaited underwater video stations, also found that 
both BUV techniques recorded herbivorous as well as carnivorous species. The other 
species, blue moki, is a bottom-feeding species that form schools. Juvenile and sub-adult 
fish inhabit shallow waters and schools of blue moki are frequently seen in the study 
area (Francis 2008). However the UVC performed in chapter three and five detected that 
the species abundance is low compared to other species as blue moki were found in only 
a few sites in the study area. Finally, the dwarf scorpionfish, only observed with the 
vertical BUV technique, is also common in the study area (Francis 2008). This is a 
cryptic species usually found under the kelp canopy and is hard to see because it is 
extremely well camouflaged. These fishes are more active at night when they look for 
prey but it is also carnivorous and even though they are usually more active at night the 
presence of bait may explain the occurrence of the species in the proximity of the baited 
stations as in the case of the conger eel. In this context, my results suggest that both 
techniques were able to detect cryptic species. Cryptic species abundance is usually 
underestimated by other methodologies (i.e., UVC) (Brock 1982, Ackerman & 
Bellwood 2000, Willis 2001). Clearly both BUV methodologies are able to detect a 
greater number or conspicuous species compared to cryptic species, especially the 
horizontal methodology. 
  It is important to notice that, even though the diversity estimates obtained with both 
BUV techniques are similar, both methodologies sub-sample reality, i.e., they both 
detect only a small part of the total species present in the study area. For example, 
according to Pande & Gardner (2008) a total of 33 fish species were surveyed with the 
UVC methodology in the baseline study performed in the study area between 1998 – 
2000. Most of these species occurred at low density and only eight fish species were 
included in their analysis. Later, Eddy (2011), in a monitoring survey in the study area 
surveyed 19 fish species with the UVC methodology but due to the low abundance of 
most of the species, only 10 were included in his analysis, the eight species reported by 
Pande & Gardner (2008) and two new species. Finally, in the monitoring surveys (UVC) 
I performed in 2011 and 2012 in the study area, 12 fish species were surveyed but only 
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the eight species analysed by Pande & Gardner (2008) were included in the analysis (see 
chapter three). Clearly all the UVC surveys performed in the study area have detected 
far more fish species than those detected in the present study with the BUV 
methodology, both vertical and horizontal. From the species reported by Pande & 
Gardner (2008) and also in chapter three, only three were reported with the BUV 
methodologies in the present study, i.e., blue cod, spotty and blue moki. However, two 
of the species reported with the BUV methodologies here were not reported by any of 
the UVC surveys performed in the study area (i.e., conger eel and dwarf scorpionfish).  
 The results of the present study highlight the need to recognize the limitations of 
these methodologies and the considerable importance of the use of adequate 
methodologies depending on the focus of the study or, if necessary, the use of a 
combination of  methodologies to be able to sample a variety of species. 
 
 
4.4.2 Effect of the orientation of the BUV station on fish density 
 
Overall, the results of the present study, i.e., no significant differences between 
methodologies and no significant interaction between factors (i.e., orientation x site) 
suggested that the orientation of the camera (vertical vs horizontal) did not have an 
effect on the recorded density of any fish species. In terms of density differences 
between sites, significant differences were found for blue cod and the other species 
group with mean density being higher in the western sites (reserve sites) with both 
methodologies, while spotty mean density was similar at all sites surveyed. Several 
times blue cod density has been described to be higher inside reserves compared to 
fished areas (e.g., Cole et al. 2000, Willis et al. 2000, Pande 2001, Davidson & Abel 
2002, Davidson 2004, Taylor et al. 2003, Haggitt et al. 2008, see chapter two). Two of 
the sites that had the highest density in the present study were in fact reserve sites. In 
chapter three, the results of the comparison between reserve and fished sites (RR 
analysis) revealed differences between reserve and fished sites (i.e., higher density in 
reserve sites in most of the sampling occasions) for both blue cod and spotty. For blue 
cod RR obtained in the sampling occasion corresponding to 2011 (same year the present 
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study was performed) indicated that blue cod density was substantially higher in reserve 
sites compared to fished sites (e.g., RR > 5). However,  the RR obtained in the sampling 
occasion corresponding to 2011 for spotty indicated that density was higher outside 
reserve compared to reserve sites. Differences in density for the other species group 
could be due to the fact that those species were rare, i.e., they were only recorded in a 
few sites and in very low density. Overall these results indicated that both BUV 
methodologies provide reliable estimates of fish density and also valid comparisons 
between reserve and fished sites. 
 
 
4.4.3 Effect of the orientation of the BUV station on fish length 
 
When comparing fish length recorded by the two BUV techniques for the two most 
abundant species blue cod and spotty, the orientation of the camera had an effect on fish 
length. Mean fish length estimates recorded with the vertical BUV technique were 
higher than those recorded with the horizontal BUV technique, being twice as high at 
one of the sites. This difference could be due to the fact that I was not able to measure 
the full length of the blue cod when using the vertical BUV technique (many times fish 
were actually larger than the field of view). Therefore, total length was extrapolated 
from head length which, in many cases, was hard to measure from the video footage as 
fish were seen from above and the gill cover was hard to recognize. This could represent 
a problem that could results in erroneous estimates of fish length. Based on the data 
obtained during the CMR survey in the study area performed in chapter six, I suggest 
that the vertical BUV technique overestimated the length of blue cod because the mean 
length recorded with this technique was consistently higher than mean length recorded 
in the CMR survey at the same depth range, e.g., most of the fish observed with the 
vertical BUV methodology were over 30 cm (total length) in both reserve and fished 
sites. This is consistent with the fish sizes recorded in reserve areas in chapter six, but 
not with the sizes reported for fished areas (e.g., 60.7% of blue cod in reserve sites were 
>33cm long, compared to 10.8% in nearby areas in 2010 while, in 2011, 51.2% of blue 
cod in reserves sites were >33cm long compared to 16.2% in nearby areas). The fact that 
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the differences in fish length were also recorded for spotty, may suggest that 
overestimation can occur even for smaller individuals whose full size can be measured. 
Another possible explanation for differences in size estimates between methodologies is 
related to the spatial segregation of sizes relative to the bait. Given that the vertical BUV 
looks at a smaller area, if spacial segregation of sizes occurs, this could lead to 
predictable differences in mean size estimates. Willis et al. (2000) tested the reliability 
of the BUV methodology compared with UVC and an experimental angling survey (EA) 
at the Cape Rodney-Okakari Point Marine Reserve and found that mean sizes recorded 
with the BUV methodology were higher than those recorded with the other two 
methodologies. In this context, the horizontal BUV technique seems to be a better 
technique to minimize the overestimation of fish length that has been reported for the 
BUV methodology. Accurate estimations of fish length are very important when 
evaluating the response to reserve protection and in this context it is important to 
minimize sources of inaccuracy. 
  The results of the Bayesian analysis suggest that the horizontal BUV technique will 
allow the measurement of more fish compared to the vertical BUV technique. 
Confidence intervals (CIs) increase in width as the density of fish increases for both the 
horizontal and vertical BUV technique, which suggests a decrease in the accuracy of 
length determination as the density of fish increases and the CIs do overlap but follow a 
trajectory leading to the conclusion that the horizontal BUV technique is a better 
technique for the estimation of fish length. In this context, an important limitation of the 
BUV methodology, especially for species like blue cod that exhibit a highly aggressive 
behaviour, is related to the saturation of the field of view. In the present study I observed 
blue cod excluding other fish species and also conspecifics of minor length on a number 
of occasions from the area of the bait pot, especially when using the vertical BUV 
technique. Competitive exclusion has been previously reported in BUV studies (e.g., 
Willis & Babcock 2000, Bailey & Priede 2002, Cappo et al. 2006). As I observed in the 
video footage, at high density sites blue cod tends to overcrowd the field of view making 
density estimation and individual measurements difficult, especially for the horizontal 
technique, as fish tend to end up on top of each other. This could represent a problem in 
areas of high fish density, for example in reserve areas, which could lead to inaccurate 
measurement of fish. Davidson & Richards (2005) detected the same problem and stated 
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that this could also produce conservative contrasts between areas with high and low fish 
density and may also result in the failure to detect a difference between two areas where 
densities were different but high enough to saturate the field of view. In this context, one 
of the advantages of the horizontal technique is that it can detect fish over a larger area 
compared to the vertical technique (view area is limited by the sea floor). With the 
horizontal technique fish occurring in the background are as easy to identify as the ones 
next to the bait pot and this could be an added advantage not only in terms of the making 
easy measurement of the fish but also making it easy to identify fish, even though it 
depends on the visibility. At high density sites counting individuals with the vertical 
BUV technique would be harder as the field of view will become crowded as fish tend 
to swim over the bait pot obstructing the field of view. For a dominant species such as 
blue cod that usually stays close to the bait pot and excludes other species, the 
orientation of the camera may not be a problem but the detectability of other species 
such as spotty, that are excluded by more aggressive species, might be reduced. 
 Finally, as previously established, visibility is an important factor influencing the 
detectability of fish occurring in the field of view when using the horizontal BUV 
technique as changes in water visibility between times and locations will affect the field 
of view in which fish are identified and counted (Cappo et al. 2006). This could be an 
important limitation in areas of poor visibility, particularly in my study area where 
visibility during most of the deployments was low (i.e., 2-3 m). Ideally, changes in 
visibility among times and locations should be accounted for in the later analysis (Cappo 
et al. 2006). Macroalgae are another factor influencing the ability to count fish as they 
make it harder to see fish if they cover part of the field of view. Davidson & Richard 
(2005) recognized this problem and found that the field of view may be obscured by 
kelp on shallow reefs, inhibiting the accuracy of counts and length measurements. The 
presence of macroalgae was a problem especially when using the vertical BUV 
technique because the frame that the camera is mounted on is much bigger than the one 
used in the horizontal set up and as a consequence it is very difficult to handle making it 
hard to place it on an appropriate substratum or move if it landed in an area dominated 
by kelp. 
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4.5 Conclusions 
 
My results suggest that both the horizontal and vertical BUV techniques are able to 
detect both conspicuous and cryptic species. However, density of cryptic species was 
very low compared to the other species observed. Overall, both BUV techniques were 
effective in the detection of carnivorous species, especially large predatory species as 
blue cod, but also effective in the detection of fish species that have been overestimated 
in terms of abundance by other methodologies. Also, both BUV techniques were found 
to be equally effective in terms of the estimation of reef fish abundance and comparisons 
of density estimates of the BUV and UVC methodology (chapter three) indicated that 
both BUV methodologies provide reliable estimates of fish density and also valid 
comparisons between reserve and fished sites. However, the horizontal BUV technique 
seems to be a better technique to evaluate reef fish size, especially when measuring 
large fish that exhibit a highly aggressive behaviour. 
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Chapter 5 
 
 
Potential of the Taputeranga Marine 
Reserve to Export Reef Fish Biomass to 
Adjacent Fished Areas 
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5.1 Introduction 
 
No-take marine reserves (MRs) have been widely promoted as conservation and 
fisheries management tools to restore habitats and protect over-harvested stocks 
(Roberts & Polunin 1991, Roberts & Hawkins 2000, Gell & Roberts 2003b, Hilborn et 
al. 2004, Sale et al. 2005). However, recently, the potential for MRs to improve fishery 
yield has received far greater emphasis. For example, MRs might be expected to provide 
benefits to local fisheries (increasing fishing yields) due to the migration of biomass 
from the reserve to surrounding exploited areas (Gell & Roberts 2003a, Sale et al. 2005, 
Osenberg et al. 2006, Ballantine & Langlois 2008, Goñi et al. 2008). Even though 
fisheries enhancement is not a reason for MR designation in many countries including 
NZ, in general, fully protected areas are expected to support fisheries beyond the 
boundaries of the MR by the net export of adults, hereafter refereed as “spillover” and 
propagules (larval export) (Bohnsack 1998, Allison et al. 1998, Bell 2008, Cudney- 
Bueno et al. 2009, Pelc et al. 2010, Harrison et al. 2012). If MRs are set up for fisheries 
enhancement, it should be expected that the long-term benefits of establishing a reserve 
should at least compensate for the inevitable loss of the fishing area required to set up 
the reserves (Russ 2002, Zeller et al. 2003, Hilborn et al. 2004). Spillover effects from 
an MR can result in positive net economic benefits (e.g., Grafton et al. 2009, 
McClanahan 2010)  
 In many countries, the creation of marine reserves is often controversial (Smith et al. 
2010). Proposals to establish marine reserves are often met with hostility by fishing 
communities, usually because they focus on potential short-run costs, primarily in the 
loss of fishing opportunities (Bernstein et al. 2004). Specially, the opposition from 
fishers is often important when it comes to decide the size of the reserve (Gardner et al. 
2008, Roberts 2012, Sala et al. 2013). Because of this tension it is usually the case that 
when marine reserves are established they are too small to promote spillover, something 
that might happen if reserves were larger. For example, Vanderperre et al. (2011) 
determined that Southern European MPAs showed clear effects on the surrounding 
fisheries (CPUE analysis) and suggested that catch rates of selected fisheries that were 
expected to benefit most from protection increased when the no-take area was larger. In 
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this context, a more robust approach for the evaluation of benefit beyond boundaries is 
still required and may be critical to the successful establishment of further marine 
reserves. 
 Spillover is a process often assumed to be driven by density-dependent interactions 
inside reserves. Higher rates of aggressive interactions due to the increased biomass 
inside reserves are predicted to induce subordinate individuals to relocate their home 
range to outside the reserve (Roberts & Polunin 1991, Rakitin & Kramer 1996, Kramer 
& Chapman 1999, Sanchez Lizaso et al. 2000, Sutherland et al. 2002, Russ 2002). 
Density-dependent spillover will only begin to operate when the density in reserves is 
high enough to induce home-range relocation. Under such circumstances, the detection 
of spillover at any given time after reserve establishment depends on the recovery rate of 
the species and the local environmental conditions (Abesamis & Russ 2005). A common 
theme found in the literature is that the abundance of a target species often increases 
rapidly following establishment of marine reserves (Halpern & Warner 2002, Díaz- 
Guisado et al. 2012, Rife et al. 2013), but clearly more time might be required to 
achieve a multispecies response (McClanahan & Mangi 2000, Russ & Alcala 2004). For 
example, some studies have shown that significantly higher reserve biomass was not 
reached until 10 years after their establishment (e.g., Russ et al. 2005, Claudet et al. 
2006), while others have observed similar results after only 1-3 years (e.g., Halpern & 
Warner 2002, Halpern 2003, Micheli et al. 2004, Díaz-Guisado et al. 2012, Horta e 
Costa et al. 2013). However, it is often also assumed that spillover may occur through 
occasional density-independent emigration (Roberts & Polunin 1991, Russ 2002, Gell & 
Roberts 2003b, Abesamis & Russ 2005). Density-independent movements imply a 
simple diffusion-type equilibrium that may occur as soon as density is higher inside 
reserves than outside, which may be expressed quicker than density-dependent spillover 
(Abesamis & Russ 2005).  
 Several factors may influence the occurrence of spillover, among them, the 
distribution of habitat types relative to reserve boundaries is an important factor that can 
determine the movement of species (Buechner 1987, Chapman & Kramer 1999, Kramer 
& Chapman 1999, Freeman et al. 2009). For example, individuals living on habitat 
patches that cross reserve boundaries are more likely to move to unprotected areas than 
individuals living on patches insulated from reserve boundaries by natural barriers in the 
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form of unsuitable habitat (e.g., areas with low habitat complexity, very shallow or deep 
water) (Roberts & Polunin 1991, Barret 1995, Kramer & Chapman 1999, Freeman et al. 
2009). Research on this topic, mostly on reef fishes, has confirmed that export from 
reserves is usually greater when habitat patches cross reserve boundaries (Tewfik & 
Bene 2003, Topping et al. 2005, Tupper 2007, Forcada et al. 2009). In addition, the 
propensity for individuals to cross physical barriers in response to habitat availability 
and quality may depend on the mobility and behavioural patterns of the species involved 
(Roberts & Polunin 1991, Edgar & Barrett 1999, Jennings 2000, Kellner et al. 2008). 
Research has shown that fish species with home ranges that are large relative to the size 
of MRs and those which readily relocate home ranges are more likely to cross reserve 
boundaries (Chapman & Kramer 1999, Zeller et al. 2003). Consequently, it is 
imperative that studies attempting to quantify spillover examine a combination of 
species in multiple reserve and control locations (Zeller et al. 2003).  
 The role of spillover in determining protected area effectiveness has been addressed 
in both modelling and empirical studies. Most spillover evidence comes from 
ecosystem-level models, measures of changing fisheries yield or profit adjacent to 
reserves and from studies of small-scale adult movement patterns across reserve 
boundaries. Even though modelling studies do not have the constraints associated with 
empirical studies (i.e., empirical studies are generally restricted to small scale effects on 
local fisheries; Abesamis et al. 2006a, Goñi et al. 2010), modelling studies rely on many 
assumptions and have been criticised as unrealistic and offering conflicting conclusions 
(e.g., Willis et al. 2003b). Empirical evidence has shown that the spatial extent of 
detectable spillover effects is thought to be limited to a few hundred to a few thousand 
meters from MR boundaries, depending on species mobility and habitat characteristics, 
although it has been considered that this extent is strongly affected by fishing effort near 
boundaries and gear efficiency (e.g., McClanahan & Mangi 2000, Russ et al. 2004, 
Abesamis & Russ 2005, Murawski et al. 2005, Abesamis et al. 2006b, Goñi et al. 2006, 
2008, Forcada et al. 2009, Januchowski-Hartley et al. 2013).  
 Gradients of fish abundance or catch have been advocated as a simple tool to provide 
evidence of spillover across reserve boundaries and to assess the distance of influence of 
the reserve (e.g., Rakitin & Kramer 1996, Ashworth & Ormond 2005, Abesamis et al. 
2006b, Goñi et al. 2008, Harmelin-Vivien et al. 2008). Net emigration of adult fish from 
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a reserve (driven by density-dependent interactions), combined with fishing mortality 
outside the reserve, may produce such a decreasing pattern of abundance (Abesamis et 
al. 2006b, Kellner et al. 2007). The number of fish that move outside the reserve due to 
density-dependent interactions is expected to decrease with increasing distance from the 
reserve boundary (Kramer & Chapman 1999, Sutherland et al. 2002, Kellner et al. 
2007). Alternatively, a decreasing gradient of abundance may result for some fish that 
reside near the reserve boundary and have home ranges that overlap the boundary 
(Kramer &Chapman 1999). Kellner et al. (2007, 2008) and Perez-Rusafa et al. (2008) 
have previously shown the density-dependent movement across many MR boundaries 
produces sigmoid shaped spillover curves. Steeper gradients and inflection points closer 
to the reserve boundary may imply less spillover than flatter gradients and inflection 
points further from the reserve boundary (Kellner et al. 2007). However, the absence of 
gradients can be explained by factors other than lack of spillover, and these factors 
include concentrated fishing effort near borders (“fishing the line”) and high organism 
mobility (Goñi et al. 2006, Abesamis et al. 2006b, Kellner et al. 2007, Halpern et al. 
2010), and habitat distribution patterns (Goñi et al. 2008, Harmelin-Vivien et al. 2008, 
Forcada et al. 2009). Stobart et al. (2009) suggested that, due to a “spillover effect”, the 
community in the fished areas closest to the reserve will resemble the community inside 
the reserve more than those further away not only in terms of abundance and biomass, 
but also in terms of other community metrics (i.e., species richness, community size 
structure and species composition).  
 One prediction derived from both empirical and theoretical studies, particularly from 
studies of coral reef fish, is that the slope of gradients of abundance across reserve 
boundaries should vary depending upon the catchability and mobility of fish and the 
redistribution of the fishing effort outside reserve boundaries. Assuming equal mobility, 
the gradient will be steeper for fish more vulnerable to fishing gears (Rakitin & Kramer 
1996, Kaunda-Arara & Rose 2004), and no gradient should be observed for non-target 
species (Rakitin & Kramer 1996), unless non-target species are caught unintentionally 
(e.g., as bycatch). In terms of fish mobility, according to predictions, reserves are most 
likely to benefit fisheries relying on species with moderate vagility (mobility). Low-
vagility fish species are expected to benefit from MRs (increased abundance inside 
reserves) but they do not move enough to significantly contribute to spillover, while 
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high-vagility fish abundance is not greatly increased in reserves (McClanahan & Mangi 
2000), but see recent work by Malvadkar & Hastings (2008) and Haggitt (2011). In this 
context, under equal catchability conditions, the gradient should be steeper for more 
sedentary species (Rakitin & Kramer 1996, Kaunda-Arara & Rose 2004) whilst highly 
vagile species may display a very weak gradient of abundance across reserve boundaries 
(Rakitin & Kramer 1996, Kaunda-Arara & Rose 2004). In terms of the effect of the 
redistribution of fishing effort outside reserve, since fish captured outside the reserve  
probably spend part of their life under the protection of the reserve and part outside it, 
the spatial distribution of fish inside versus outside the reserve should be strongly 
affected by the distribution of fishing effort (Kellner et al. 2007). If fishing effort is high 
close to the border of the reserve, this may lead to the overestimation of differences 
between reserve and fished areas (e.g., large differences between density inside versus 
outside reserve) and consequently steeper gradients outside the reserve boundary while 
flat gradients would be observed if fishing effort is distributed uniformly (Kellner et al. 
2007). Ultimately, MR size has been also identified as an important factor determining 
the shape of the gradients (Kellner et al. 2008). 
 The Taputeranga Marine Reserve (TMR) located on the south coast of the capital of 
New Zealand, Wellington, was gazetted in 2008. Many fish species have been harvested 
along the Wellington south coast since Mãori first settled New Zealand ~800 years ago. 
As a consequence of centuries of exploitation of coastal resources, the abundance and 
size of the most popular food fishes have decreased, particularly during the last few 
decades (Francis 2008). It has been suggested that, as has happened in other MRs in 
New Zealand, the exclusion of fishing from the area should enable at least some species 
to increase in abundance and size inside the reserve, particularly targeted species 
(Ballantine & Langlois 2008, Walls 2008, Pande & Gardner 2008, see chapter three).  
 The aim of the present study was to perform a multispecies analysis using two survey 
methodologies, a baited underwater video (BUV) survey and a underwater visual census 
(UVC) survey, to quantify spatial differences in abundance, species richness and 
individual size of both target and non-target reef fish species across the east and west 
boundaries of the TMR and to quantify spillover of these species. 
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5.2 Methods 
 
The study experimental design was based on the detection of differences in community 
metrics (species richness, fish density and fish length) between areas (reserve/fished) 
and the detection of gradients of abundance across the boundaries of the TMR using two 
different survey methodologies over two consecutive years in the same season (surveys 
where carried out in summer 2011 and 2012). 
 
 
5.2.1 Study area 
 
The present study took place in the Taputeranga Marine Reserve (TMR) and 
surrounding fishing grounds located on the south coast of Wellington (Fig. 5.1). The 
survey was conducted in a ~12 km long section of shallow reef slope including a ~3.8 
km section protected inside the TMR and two sections extending ~1.6 km and ~2.6 km 
outside to the west and east lateral boundaries of the reserve, respectively. For a detailed 
description of the study area refer to chapter three. 
 The habitat distribution on the south coast of Wellington, as mapped by side-scan 
sonar in a study performed by the National Institute of Water and Atmospheric Research 
(NIWA), is characterised by submarine extensions of the rocky headlands that define the 
bays. According to Eddy (2011) substrate types can be classified into the following two 
categories: hard substrate (i.e., intertidal and subtidal reef) and soft mobile substrate that 
can be found inside the bays and extending towards the deep contours separating the 
extensions of the rocky headlands that define the bays (hard substrate). The western 
boundary of the reserve lies on a soft substrate area and the distance from the reef 
protected inside the reserve (nearest to the west boundary) to the nearest reef outside the 
reserve is ~800 m. From that reef, a complex reef system extends towards the west (i.e., 
shallow and deep reef terrain). Contrastingly, the eastern boundary lies on a hard 
substrate area that is part of a large reef system that extends deeper inside reserve (~2.1 
km) and in fished areas (~ 3 km). To the east of that reef a large area is characterised by 
an extensive soft substrate layer (Lyall Bay) (Fig. 5.1). The distance from the reef 
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protected inside the reserve (east boundary) to the nearest reef outside the reserve is 
~800 m. Further east, a shallow reef extends towards the entrance of Wellington 
Harbour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Map of the study area showing the sites surveyed inside the Taputeranga MR and in the 
adjacent fishing grounds. From west to east: Sinclair Head, Red Rocks, Quarry, Yung Pen, The Sirens, 
Island Bay, Princess Bay, Palmer Head, Barrett Reef, and Breaker Bay. Green area corresponds to 
intertidal reef. 
 
 
5.2.2 Site selection 
 
Eight sites (Sinclair Head, Red Rocks, Yung Pen, The Sirens, Princess Bay, Palmer 
Head, Barrett Reef and Breaker Bay) were surveyed with the underwater visual census 
(UVC) methodology. These eight sites have been the focus of the monitoring program 
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of the TMR since before the establishment of the reserve (surveys carried out by 
Victoria University of Wellington and the Department of Conservation) (see chapter 
three).  
 Originally twelve sites (eight monitoring sites plus four new sites) were chosen for 
surveying with the BUV methodology in order to sample a greater area and to facilitate 
the detection of gradients of abundance extending from the centre of the reserve to 
fished areas. However, due to adverse weather conditions in the area and habitat 
characteristics, I was not able to survey them all. Consequently, only nine sites were 
surveyed (seven monitoring sites plus two new sites). A detailed summary of the sites 
surveyed with each methodology and dates is shown in Table 5.1.  
 
 
5.2.3 Species surveyed 
 
The present study focused only on fish. All fish species recorded with each methodology 
were considered for the analysis. Of special interest were the eight species that have 
been the focus of earlier monitoring surveys at the TMR: Notolabrus fucicola (banded 
wrasse), Parapercis colias (blue cod), Latridopsis ciliaris (blue moki), Odax pullus 
(butterfish), Cheilodactylus spectabilis (red moki), Notolabrus celidotus (spotty), 
Nemadactylus macropterus (tarakihi) and Pseudocaranx dentex (trevally). With the 
exception of banded wrasse and spotty, all species are commercially or recreationally 
important, or both, and all are common along the Wellington‟s south coast (Francis 
2008, Pande & Gardner 2008). 
 Due to the different characteristics of the species surveyed, especially those related to 
food preferences, the use of two different methodologies may result in differences in 
species detection. Most of the species surveyed here are carnivorous and even though 
the BUV technique is able to detect both herbivorous and carnivorous species, the 
abundances of herbivorous species is expected to be low compared to carnivorous 
species. For a detailed description of the species surveyed refer to chapter three.  
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Table 5.1: Sites surveyed with each methodology in the 2011 and 2012 surveys. Status; F (fished) and R 
reserve). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2.4 Survey methodologies 
 
5.2.4.1 Underwater visual census survey 
 
The UVC data were obtained from the monitoring surveys carried out by Victoria 
University of Wellington and the Department of Conservation during summer- autumn 
(February- March) 2011 and summer (February) 2012 (see chapter three). These surveys 
were focused only on the eight species previously mentioned. 
 Divers swam a 25 m strip transect along a measuring tape, counting fish 2.5 m either 
side of the tape. Thus, fish were counted in a 25 m x 5 m corridor (2.5 m high) (Cole 
1994, Pande & Gardner 2008). Nine replicate transects were conducted at each site, 
giving a total area of 1125 m
2
 sampled per survey per site. Density was expressed as the 
number of fish per 125 m
2
. For a detailed description of the UVC methodology see 
chapter three. 
 Fish length was estimated by divers by measuring fish total length (visual estimation) 
to the nearest 5 cm (Pande & Gardner 2008). In order to address the issue of variability 
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in the ability to estimate fish sizes, divers were tested to determine their average error in 
fish size estimation. A transect line was laid out, with numbered plastic cut out fish 
positioned on either side of the transect line. The divers swam along the transect line 
estimating the length of each fish and these estimates were then compared with the 
actual value. The cut outs ranged in size from 5 to 60 cm. The average error was found 
to be smaller than the 5 cm size interval used in the estimation of fish sizes. The same 
group of trained divers was used for conducting the surveys.  
 
 
5.2.4.2 Baited underwater video survey 
 
BUV surveys were performed during spring- summer in 2011 (late October to mid-
December) and autumn in 2012 (early March). Based on the results obtained in chapter 
four I chose the horizontal BUV set up for the present study. Sampling consisted of 
three haphazard replicated 15 min deployments of the camera at each of the sites (total 
of 30 and 28 drops for 2011 and 2012, respectively). Replicates were deployed within a 
radius of ~10 to 50 m depending on the site. Refer to chapter four for a detailed 
description of the horizontal BUV methodology and video footage analysis. 
 Density was estimated during the video footage analysis by calculating the maximum 
number of individuals (Nmax) of each species observed in a single frame for each 15 min 
deployment and expressed as number of fish per 15 min deployment. Fish length was 
estimated from the video footage analysis by measuring the total length to the nearest 1 
cm of each individual present in each Nmax frame by comparison to the five cm 
gradations marked on the camera stand. Measurements were only made of those fish 
present when the Nmax was recorded to avoid repeated measurements of the same fish. 
Only those fish that were close to the graduated pole were measured to ensure accuracy 
as on many occasions it was not possible to measure all the fish in each Nmax frame, 
especially for some species (e.g., Gardner & Struthers 2012). 
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5.2.5 Statistical analysis 
 
5.2.5.1 Spatial differences in fish density, species richness and 
individual length between reserve and fished areas 
 
To study the differences between reserve and fished areas, among sites and between 
years in terms of species richness, I used Margalef's richness index (Margalef 1968):  
 
d=
 𝑆−1 
 log𝑒𝑁 
, 
 
where S is the total number of species and N is the total number of individuals in the 
sample. 
 
 Mean density and mean fish length estimates were calculated for each species (target 
and non-target) and used to compare density and length of fish between reserve and 
fished areas, among sites and between years for both methodologies.  
 Due to the nature of the data (refer to chapters three and four for a detailed 
explanation), a Linear Mixed-Effects Model (LMEM) was used to determine whether 
fish density, species richness and fish length differed significantly between area, among 
sites or between years for each methodology. 
 The analysis was carried out using the R statistical software package (R Core Team 
2012). A model was fitted using the generic function lme of the nlme R package 
(Pinheiro et al. 2011). The model was fitted with status (reserve/fished) and year 
(2011/2012) as fixed factors, and with site as a random factor. In addition, the 
interaction between the fixed factors was tested (i.e., status x year). A log-linear model 
was used to describe the expected values and was fitted using maximum likelihood. 
Data were log transformed to meet analysis assumptions when necessary. I used the 
Bonferroni correction for multiple comparisons. 
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5.2.5.2 Trends in fish density across reserve boundaries  
 
Fish species were classified into two groups “target species” and “non-target species” 
and within the target species group the species were also classified into two categories 
based on their patterns of mobility. Classification was made mainly based on published 
information (including Francis 1988, 2001, 2008, Froese & Pauly 2013). Target species 
were classified into three mobility groups “sedentary” “moderate mobility” and “vagile” 
based on their range of mobility (Table 5.2). 
 
 
Table 5.2: Classification of target species according to mobility patterns. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A linear regression analysis was used to determine whether a significant relationship 
existed between mean fish density and distance from the centre of the reserve (i.e., 
decreasing trend in fish density from the centre of the reserve towards fished areas). 
These regressions were performed separately for the two lateral boundaries of the 
reserve. Linear regression attempts to fit a straight line across what may be a sharp, 
downward, step-like pattern, and thus is not the most appropriate analysis to detect 
spillover (Abesamis et al. 2006b). If a significant decreasing trend in density of any fish 
species was obtained by linear regression for any boundary, based on the approach used 
by Halpern et al. (2010), I fitted three models in order to find the best fit to the empirical  
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data: exponential decay, Eq. 1; linear decay, Eq. 2; and logistic decay, Eq. 3.  
 
1) Y=exp  𝛼 × 𝑥  , 
 
2) Y=α × x+β, 
 
3)  Y=
𝛼
 1+β exp 𝛿×𝑥   
, 
 
where Y represents fish density and x represents the distance from the reserve boundary 
(negative values are inside the reserve). For Eqs (1) and (2), α estimates the rate of 
decline in spillover, while in Eq. (3) α is the magnitude of the reserve effect (i.e., how 
much density changes due to protection provided by the reserve), β is where the 
midpoint of the diminishing reserve effect is centred (this „inflection point‟ is inside the 
reserve if β > 1, outside the reserve if β < 1, and centred on the reserve boundary if β = 
1) and δ is how steeply the reserve effect declines (larger values of δ represent steeper 
declines). In Eq. (3), the combination of β and δ determines how far spillover spreads 
beyond the reserve boundary. 
 Past studies have primarily calculated the inflection point of logistic fits to estimate 
spillover distance (e.g., Kaunda-Arara & Rose 2004, Abesamis et al. 2006b), but this 
approach captures the midpoint, not the detectable extent, of spillover. The method 
proposed by Halpern et al. (2010), and applied here, better captures detectable spillover 
distance. 
 Both exponential and linear functions were successfully fitted in every analysis, 
while the logistic function could not be fitted. According to Halpern et al. (2010), this is 
expected because spatially explicit monitoring data are often not sufficient to capture the 
full spatial pattern, especially when there are limited sampling sites within the reserve. 
The use of multiple models allowed me to find the best fit to the empirical data. The 
models were fitted using the preview function in the nlstools package (Baty & 
Delignette-Muller 2013) and the nls function in the statistical package (Grothendieck 
2013), which seeds the fitting procedure with chosen parameter values and then searches 
for those that produce the best fit. The Akaike information criterion (AIC) model 
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selection procedure was used to compare model fits (Akaike (1973). 
 As an alternative approach, for those species exhibiting a significant decreasing trend 
in density identified from linear regression, I plotted running (cumulative) totals and 
then tested the curve against different theoretical distributions using the non-parametric 
Kolmogorov-Smirnov (K-S) test (R Core Team 2012). This approach allowed me to 
determine whether there is evidence against the density dataset having arisen from a 
given distribution. 
 
 
5.3 Results 
 
In total, 13 species of reef fish belonging to nine families were recorded in the present 
study (Table 5.3). Trevally was not included in the analyses due to the fact that this 
species was not observed at all in any of the UVC and BUV surveys during the course 
of the study. 
 Ten fish species were recorded with the UVC methodology in the 2011 survey and 12 
species were recorded in the 2012 survey (Table 5.3). Nine species were recorded in 
both years. Jack mackerel were only recorded in the 2011 survey, whereas red moki, 
pufferfish and tarakihi were only recorded in the 2012 survey. Spotty, banded wrasse, 
scarlet wrasse, blue moki and butterfish were recorded at most of the eight sites 
surveyed (at least at four of the eight sites) in both years and therefore classified as 
common species. Even though blue cod was detected at only three sites in the 2011 
survey, it was detected at more sites in the 2012 survey and it was also classified as a 
common species. All of the other species were classified as rare species. 
 Six fish species were recorded with the BUV methodology in the 2011 survey and 
nine species in the 2012 survey (Table 5.3). All six species recorded in the 2011 survey 
were recorded again in the 2012 survey along with three further species (butterfish, 
tarakihi and leatherjacket) (Table 5.2). From the species recorded with this methodology 
in both the 2011 and 2012 surveys, only blue cod, spotty and banded wrasse were 
recorded in most of the nine sites surveyed both years and were therefore classified as 
common species. All other species were recorded at only a few sites in both years and 
were classified as rare species.  
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5.3.1 Differences between reserve and fished areas 
 
5.3.1.1 Species richness 
 
The results of the LME analysis indicated no significant differences in mean species 
richness between reserve and fished areas with any of the methodologies (p> 0.05) or 
between years (p> 0.05) (Fig. 5.2). Even though mean species richness recorded with 
the UVC methodology increased substantially at two of the three reserve sites from 
2011 to 2012 i.e., more species were detected in 2012 comparing to 2011 especially at 
Yung Pen (western reserve), resulting in the species richness being almost twice as high 
in 2012 (Fig. 5.2a), no significant interaction between factors (i.e., status x year) was 
detected with this methodology (p = 0.0786). Also, no significant interaction between 
factors (i.e., status x year) was recorded with the BUV methodology (p> 0.05) (Fig. 
5.2b) and no differences in mean species richness were detected among sites with either 
of the methodologies (p> 0.05) (Fig. 5.2).  
 
 
 
Table 5.3. Species recorded with each methodology in the 2011 and 2012 surveys. 
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5.3.1.2 Fish density and length 
 
5.3.1.2.1 Underwater visual census 
 
The results of the LME analysis indicated that no significant differences existed in mean 
density between reserve and fished areas for any of the species (p> 0.05) (Figs. 5.3 and 
5.4). Differences in mean density between years were observed only for blue cod (p = 
0.0360). Mean density was almost 3 times higher for blue cod in 2012 compared to 
2011(Fig. 5.3a). No significant interaction between factors (i.e., status x year) was 
detected for any of the species surveyed (p> 0.05) (Fig. 5.3). 
 Significant differences in mean density among sites were only observed for spotty 
(p< 0.05). Spotty mean density increased steadily towards the eastern sites in the 2011 
survey and was almost 7 times higher in the far east site compared to the far west site; a 
similar pattern was observed in 2012 (Fig. 5.3c). 
 The length analysis for this methodology only included the species classified as 
common because there were insufficient data to allow a meaningful comparison among 
sites for the other species. No differences in mean fish length were observed between 
reserve and fished areas for any of the species surveyed (p> 0.05) (Fig. 5.5). Significant 
differences in mean fish length between years were only observed for spotty (p< 0.001), 
which were larger at all the sites surveyed except one (YP) in 2012 compared to 2011 
(Fig. 5.4c). The difference between the maximum and minimum mean fish lengths 
recorded in the 2011 and 2012 surveys was approximately 10 cm for this species. No. 
significant interaction between factors (i.e., status x year) was detected for any of the 
species surveyed. Significant differences in mean fish length among sites were only 
observed for scarlet wrasse (p< 0.05) (Fig. 5.4b), but a general pattern was not 
observed.. 
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Figure 5.2. Mean species richness ± SE recorded at each site in 2011 and 2012 for the two different 
methodologies: (A) Underwater Visual Census (UVC); and (B) Baited Underwater Video (BUV). Dashed 
vertical lines indicate the boundaries of the Taputeranga MR. SH: Sinclair Head; RR: Red Rocks; Q: 
Quarry; YP: Yung Pen; S: The Sirens; IB: Island Bay; PB: Princess Bay; PH: Palmer Head; BB: Breaker 
Bay. The vertical lines indicate the location of reserve boundaries. 
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Figure 5.3: Mean fish density (per 125 m
2
) ± SE recorded with the UVC methodology at each site in 2011 
and 2012 for common species: (A) blue cod, (B) scarlet wrasse, (C) spotty, (D) blue moki, (E) banded 
wrasse, and (F) butterfish. Dashed vertical lines indicate the boundaries of the Taputeranga MR. SH: 
Sinclair Head; RR: Red Rocks; YP: Yung Pen; S: The Sirens; PB: Princess Bay; PH: Palmer Head; BR: 
Barrett Reef; BB: Breaker Bay. 
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Figure 5.4: Mean density fish density (per 125 m
2
) ± SE recorded with the UVC methodology at each site 
in 2011 and 2012 for uncommon species: (A) leatherjacket, (B) jack mackerel, (C) marblefish, (D) red 
moki, (E) kahawai, (F) pufferfish (G), tarakihi. Dashed vertical lines indicate the boundaries of the 
Taputeranga MR. SH: Sinclair Head; RR: Red Rocks; YP: Yung Pen; S: The Sirens; PB: Princess Bay; 
PH: Palmer Head; BR: Barrett Reef; BB: Breaker Bay. The vertical lines indicate the location of reserve 
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boundaries. 
5.3.1.2.2 Baited underwater video 
 
The results of the LME analysis indicated that no significant differences existed in mean 
density between reserve and fished areas for any of the species surveyed (p> 0.05) (Fig. 
5.6 and 5.7). However, mean blue cod density was higher in reserve areas in both years, 
being approximately 6 and 5 times higher in 2011 and 2012, respectively (Fig. 5.6a). No 
significant differences in mean density between years were detected for any of the 
species surveyed (p> 0.05). A significant interaction between factors (i.e., status x year) 
was only detected for kahawai (p = 0.0420). Mean kahawai density decreased at fished 
sites from 2011 to 2012, while it increased at reserve sites, but kahawai was detected at 
only one site in both years (at a fished site in 2011 and at a reserve site in 2012 (Fig. 
5.7d).  
 Significant differences in mean density among sites were only observed for scarlet 
wrasse and blue cod (p< 0.05). Blue cod mean density was considerably higher at Yung 
Pen, The Sirens and Island Bay, all of which are reserve sites, compared to PB (reserve) 
and all the fished sites (Fig. 5.6a). Scarlet wrasse mean density was higher in the far 
west in both the 2011 and 2012 surveys but the species was only recorded at two sites 
(one reserve and one fished) in the 2011 survey and at one fished site in the 2012 survey 
(Fig. 5.7a).   
 The length analysis for this methodology only included three fish species, i.e., blue 
cod, spotty and banded wrasse, because estimation of fish length was difficult for the 
other species recorded (see methods section). No differences in mean fish length were 
observed between reserve and fished areas for any of the species surveyed (p> 0.05) 
(Fig. 5.8). Significant differences in mean fish length between years were only detected 
for spotty (p< 0.0426), which were larger in 2011 compared to 2012 (Fig. 5.8b). No 
significant interactions between factors (i.e., status x year) were detected for any of the 
species surveyed. Significant differences in mean fish length were only detected for blue 
cod (p< 0.05), whose length was greater at reserve than at fished sites (Fig. 5.8a).  
species surveyed.  
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Figure 5.5: Mean length ± SE recorded with the UVC methodology at each site in 2011 and 2012 for 
common species: (A) blue cod, (B) scarlet wrasse, (C) spotty, (D) blue moki, (E) banded wrasse, and (F) 
butterfish. Dashed vertical lines indicate the boundaries of the Taputeranga MR. No error bars are 
displayed when the SEs are too small. SH: Sinclair Head; RR: Red Rocks; YP: Yung Pen; S: The Sirens; 
PB: Princess Bay; PH: Palmer Head; BR: Barrett Reef; BB: Breaker Bay. The vertical lines indicate the 
location of reserve boundaries. 
 
 
  
 
 
            119 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Mean fish density (per 125 m
2
) ± SE recorded with the BUV methodology at each site in 2011 
and 2012 for common species: (A) blue cod, (B) spotty, and (C) banded wrasse. Dashed vertical lines 
indicate the boundaries of the Taputeranga MR. SH: Sinclair Head; RR: Red Rocks; Q: Quarry; YP: Yung 
Pen; S: The Sirens; IB: Island Bay; PB: Princess Bay; PH: Palmer Head; BB: Breaker Bay. 
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Figure 5.7: Mean fish density (per 125 m
2
)  ± SE recorded with the BUV methodology at each site in 
2011 and 2012 for uncommon species: (A) scarlet wrasse, (B) butterfish, (C) blue moki, (D) tarakihi (E) 
kahawai, and (F) leatherjacket. Dashed vertical lines indicate the boundaries of the Taputeranga MR. SH: 
Sinclair Head; RR: Red Rocks; Q: Quarry; YP: Yung Pen; S: The Sirens; IB: Island Bay; PB: Princess 
Bay; PH: Palmer Head; BB: Breaker Bay. 
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5.3.2 Trends in fish density across reserve boundaries  
 
5.3.2.1 Underwater visual census 
 
The results of the linear regression analysis indicated that significant decreasing trends 
in density across the boundaries of the reserve were only found for blue moki at the 
western boundary in the 2011 survey (p = 0.0405) and for butterfish at the eastern 
boundary in the 2012 survey (p = 0.0168). For blue moki, a gradual pattern of 
decreasing density from the centre of the reserve towards the western sites was observed 
(Fig. 5.3d). However, blue moki density declined sharply inside the reserve (mean 
abundance reduced by more than 50%) and continued to decline gradually in the 
western fished sites (weak gradient). The best fit for the data for blue moki was the 
linear decay model (Fig. 5.9a, Table 5.4). The analysis of the cumulative totals curve 
indicated that the data resemble a logistic distribution (p = 0.7761) (Table 5.4). For 
butterfish, a gradual pattern of decreasing density from the centre of the reserve towards 
the eastern sites was also detected but this species was not observed at all in any of the 
eastern fished sites. The best fit for the butterfish data was the linear decay model (Fig. 
5.9b, Table 5.4). 
 A significant increasing trend in density across the western boundary of the reserve 
was found for banded wrasse in the 2012 survey (p = 0.039); this was a gradual 
increase.  
 
 
5.3.2.2 Baited underwater video 
 
A significant decreasing trend in density across the boundaries of the reserve was only 
found for blue cod at the western boundary in the 2011 survey (p = 0.0264). A sharp 
pattern of decreasing density from the centre of the reserve towards the western reserve 
sites was detected for blue cod. Density declined sharply inside the reserve (mean 
abundance reduced by more than 50%) and continued to decline in the western fished 
sites but increased again at the most western site (flat gradient). The best fit for the data 
was the exponential decay model (Fig. 5.9c, Table 5.4). The analysis of the cumulative  
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totals curve indicated that the data resemble a logistic distribution (p = 0.5884) (Table 
5.4). Also a non-significant decreasing trend in density was found for blue cod in the 
east boundary in the 2011 survey and also in the west boundary in 2012 (Fig. 5.6a). 
 A significant increasing trend in density across the eastern boundary was found for 
banded wrasse in the 2011 survey (p = 0.0451) and across the western boundary in the 
2012 survey (p = 0.0108). For both years a gradual increasing pattern of density from 
the reserve site adjacent to the boundaries of the reserve was detected.  
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Figure 5.8: Mean length (cm) ± SE recorded with the BUV methodology at each site in 2011 and 2012 for 
common species: (A) blue cod, (B) spotty, and (C) banded wrasse. Dashed vertical lines indicate the 
boundaries of the Taputeranga MR. No error bars are displayed when the SEs are too small. SH: Sinclair 
Head; RR: Red Rocks; Q: Quarry; YP: Yung Pen; S: The Sirens; IB: Island Bay; PB: Princess Bay; PH: 
Palmer Head; Breaker Bay. 
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Figure 5.9: Best fit relationships between mean fish density and distance from the boundaries of the 
Taputeranga MR . (A) blue moki (UVC survey) best fit linear decay model , (B) butterfish (UVC survey) 
best fit linear decay model and (C) blue cod (BUV survey) best fit exponential decay model.SH: Sinclair 
Head; RR: Red Rocks; Q: Quarry; YP: Yung Pen; S: The Sirens; IB: Island Bay; PB: Princess Bay; PH: 
Palmer Head; BR: Barrett Reef; BB: Breaker Bay. 
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Table 5.4: Details of significant linear regressions of density versus distance at the western and eastern 
boundary of the Taputeranga MR and the output for the best model fit found in the analysis. 
 
 
 
 
 
 
 
 
 
 
5.4 Discussion 
 
The aim of this chapter was to determinate if there were any differences in fish species 
richness, density and size between reserve and fished areas that may indicate spillover 
across the boundaries of the TMR. Spillover is mostly expected to occur in reserves 
where the density of targeted fish has increased substantially (Russ 2002, Harmelin-
Vivien et al. 2008). However, density-independent movements across reserve 
boundaries may also occur as a result of random dispersal of fish during their routine 
activities that can be detected as soon as the abundance is higher at reserves sites 
compared to fished areas (Abesamis & Russ 2005). In chapter three, as part of a multi-
species analysis of the reef fish assemblage in the TMR, I found that early changes were 
evident for most of the species surveyed i.e., the density of most of the fish species 
surveyed was higher inside the reserve after 1-3 year since reserve establishment, 
depending on the species. In this context, it may therefore be possible to detect spillover, 
especially for those species that are known to respond positively to reserve protection, 
e.g., blue cod. 
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5.4.1 Patterns of species richness across the boundaries of the 
Taputeranga MR. 
 
Results of the species richness analysis were consistent between the two methodologies 
and no significant differences in mean richness was detected between areas (reserve vs 
fished), between years or among sites with either methodology. Also, no significant 
interaction between factors (status x year) was detected. Nevertheless, the results 
suggested that species richness increased in all reserve sites from 2011 to 2012, 
especially at Yung Pen (western side of the reserve). Increased species richness inside 
the reserve may result from better habitat inside than outside the reserve, rather than 
effects of protection from fishing in the reserves. For example, it has been suggested that 
habitat characteristics may influence the distribution patterns of fish, complex habitats 
may for example enhance food and refuge availability thereby affecting the propensity 
of fish to move out of the reserves (Charbonnel et al. 2002, Rodwell et al. 2003, 
Gratwicke & Speight 2005, Claudet et al. 2010, Toller et al. 2010). However, habitat 
change due to reserve protection has also been reported (e.g., Lindholm et al. 2004, 
Ceccherelli et al. 2006, Ballantine 2008). Even though the effects of MRs on diversity 
have remained unclear until recently (Stobart et al. 2009), there is good evidence that 
fishing leads to reduced species richness and several studies report greater species 
diversity inside MPAs relative to those in fished areas (e.g. Côté et al. 2001, Kaunda-
Arara & Rose 2004, Stewart et al. 2008). However, there is also evidence to indicate 
that in some cases fishing may also increase diversity (Bianchi et al. 2000, Greenstreet 
et al. 2007). Recent studies warn that the response of diversity indices to reserve 
protection is not straightforward, for example, Russ & Alcala (2011) showed that 
species richness of large predatory reef fish increased four-fold and 11-fold inside two 
Philippine no-take marine reserves over 14 and 25 years, respectively. Assuming habitat 
homogeneity among sites surveyed in the present study  as reported by the baseline 
study in the area, the increased richness observed in all reserve sites from 2011 to 2012, 
even though no significant, may indicate early changes in the community protected 
inside the TMR.  
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5.4.2 Patterns of individual species density and length across the 
boundaries of the Taputeranga MR 
 
Overall, my results did not suggest early changes (after 3-4 years of reservation) in the 
TMR in density or length for any of the species surveyed. However, there was some 
evidence to support differences in fish density among sites. For example, blue cod mean 
density and mean length detected with the BUV methodology, were higher at reserve 
sites, especially a The Sirens, located in the centre of the reserve, compared to fished 
sites. It is important to recognize that the BUV methodology is considered the best 
method for observing mobile predators and species targeted by fishing (e.g., Willis & 
Babcock 2000, Watson et al. 2005, Colton & Swearer 2010). Gardner & Struthers 
(2012) in a study that describes the application and testing of three different 
methodologies, including UVC and BUV, for the quantification of blue cod abundance 
and size at Kapiti MR, found that BUV is likely to be the most accurate, cost-effective 
and easy to use methodology for surveying carnivorous temperate reef fishes. In this 
context, it is not surprising that differences, at least for blue cod, were only detected 
with the BUV methodology. However, the RR analysis (descriptive analysis) performed 
in chapter three using the same dataset (UVC surveys during 2011 and 2012) did 
revealed differences between reserve and fished sites for several species (i.e., RR > 1 for 
both years), blue cod among them. It is possible that the differences between areas for 
other species were not big enough to be detected with the statistical analysis performed 
here. The descriptive analyses of effect sizes analysis performed in chapter three (both 
response ratio: RR and before and after control impact paired series: BACIPS) 
suggested differences between fished and reserve areas found over a 14-yr period for 
most of the species surveyed in the study area but those differences were not evident 
with the statistical analyses performed on the same dataset (see chapter three). 
 It is important to notice that, in the case of the TMR, estimations of fish density and 
distribution in the study area prior to the establishment of the reserves are available i.e., 
a baseline study in the area was performed before the establishment of the reserve. The 
baseline study (UVC survey) did not revealed differences between reserve and fished 
sites for any fish species but indicated that the density of many species in the area varied 
from site to site, suggesting the existence of a gradient in community structure from east 
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to west (i.e., greater density at more easterly sites) that has been attributed to differences 
in water column parameters (concentrations of dissolved nutrients and particulate 
material) along the coastline and not related to differences in habitat types (Pande & 
Gardner 2008). The results reported in the present study with both methodologies (UVC 
and BUV) do not follow the patterns observed in the baseline survey (except for spotty), 
suggesting a change in the patterns of distribution of the species surveyed even though 
they do not suggest a positive reserve effect (i.e., higher density in reserve sites).  
 The results of the length analysis  indicated significant differences in fish length (i.e., 
greater length at reserve sites) for both scarlet wrasse with the UVC methodology and 
spotty with the BUV methodology. No previous evidence of increased fish length inside 
the TMR has been detected for scarlet wrasse due to the fact that this species has not 
been commonly detected in the monitoring surveys performed to date (e.g., Pande & 
Gardner 2008). No evidence of length difference between reserve and fished sites has 
been detected for spotty(e.g., Pande & Gardner 2008). Also, in chapter four, not 
differences in mean fish length were detected for spotty with both BUV methodologies 
(horizontal and vertical). However, only two reserve sites and two reserve sites were 
analysed. These results highlight the importance of including non- target species in 
studies monitoring the changes inside vs outside MRs. 
 Many studies around the world have reported early changes in the community 
protected inside MRs using the C-I design, especially for large predatory reef fish 
species (e.g., Halpern & Warner 2002, Halpern 2003, Micheli et al. 2004, Díaz-Guisado 
et al. 2012, Horta e Costa et al. 2013). For example, blue cod, a highly valuable fish 
species in New Zealand, is known to show a marked response to reservation status 
(reviewed by Pande et al. 2008). This evidence is not consistent with the results of the 
present study except for the evidence found with the BUV methodology for blue cod. 
However, evidence found in chapter suggested early changes in the area protected by the 
TMR, i.e., 1-3 year since reserve establishment, depending on the species. Among the 
analysis performed in chapter three, the BACIPS analysis has been identified as the 
most powerful assessment design by Osenberg et al. (2006). As suggested by Osenberg 
et al. (2006), the methodology used in chapter three seems to be most appropriate for the 
detection of changes occurring in MRs. Also, the RR analysis performed in chapter 
three seems to be a better methodology to detect even small changes between reserve 
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and fished areas over a long-time series dataset compared to other commonly used C-I 
methodologies.  
 
 
5.4.3 Trends in fish density across the boundaries of the Taputeranga MR 
 
Overall, my findings were consistent with those reported in other studies (e.g., Abesamis 
& Russ 2005, Alcala et al. 2005, Abesamis et al. 2006 b), as patterns of decreasing 
density through reserve boundaries were only detected for target species, i.e., blue cod 
and blue moki. Both species have also shown a marked positive response to reservation 
status in other MRs (e.g., Willis et al. 2000, Davidson & Abel 2002, Davidson 2004, 
Taylor et al. 2003, Haggitt et al. 2008, Davidson & Richards 2005, Davidson et al. 
2007, Davidson et al. 2009, Díaz-Guisado et al. 2012). 
 The results of the present study suggested a significant decreasing pattern of density 
across one of the reserve boundaries (western) in the 2011 survey for both blue cod and 
blue moki. A sharp pattern of decreasing density was detected for both species inside the 
reserve, i.e., mean density reduced by more than 50% inside the reserve and continued 
to decrease outside the reserve. Even though density decreased abruptly suggesting a 
steep decay pattern, the best-fit for blue cod data was the exponential decay model that 
suggested a gradual decline and for blue moki the best-fit was the linear decay model. 
According to Kellner et al. (2007) this patterns of fish density inside reserve (i.e., sharp 
decline) are expected to occur inside reserves, while the presence of gradients away 
from the boundaries outside the reserve may depends upon the distribution of fishing 
effort outside reserve and species mobility. The density gradients found here were only 
detected in the western boundary which is further away from people (less accessible to 
people) and fishing pressure may be therefore lower compared to the eastern fished 
sites. According to Kellner et al. (2007) if fishing effort is distributed uniformly outside 
the reserve, a gradient of density outside the reserve that declines from the boundary 
would be expected (i.e., highest fish density inside reserve and near the boundary) 
indicating that the presence of gradients outside reserve indicate that fishing effort is 
low. Also, for highly mobile species, the gradients are expected to be weak. This was 
the case of the gradients observed for blue moki, a highly mobile species. Blue moki is a 
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highly valuable commercial and customary resource, especially in the northern territory 
(top of the north island). Adult individuals (larger than 40 cm) join the spawning stocks 
offshore (Francis 2008). The legal size for the species is 40 cm, therefore, the fishing 
effort concentrates in deeper areas. However, no formal statistics on fishing effort in the 
study area exists. 
 On the other hand, Kellner et al. (2007) suggested that if fishing effort concentrates 
near the boundary of the reserve, a completely flat density gradient outside reserve 
would be expected for a single species fishery. Also for species with sedentary and 
moderate mobility, the gradients are expected to be sharp. This was the case of the 
gradients observed for blue cod. Blue cod is considered a sedentary species i.e., most 
studies have shown that most of the recaptured fish moved less than 1 km (e.g., Rapson 
1956, Mace & Johnson 1983, Cole et al. 2000, Carbines & McKenzie 2004). However, 
some studies have suggested that a small percentage of the recaptured fish had moved 
more than 16 km (%) (e.g., Mace & Johnson 1983, Carbines 2003) and the results of a 
tagging study performed in chapter six highlighted the potential of the species to travel 
long distances as from the total of recaptured fish (48), 4,2 % moved between 10-50 km, 
4,2 % moved between 50-100 km and 8,3 % moved > 100 km. Blue cod aggressive 
behaviour may also be an important factor determining the occurrence of spillover as the 
higher rates of aggressive interactions that occur inside reserves due to the high levels of 
fish abundance are predicted to induce subordinate individuals to relocate their home 
range to outside the reserve (Kramer & Chapman 1999). On the video footage analysis I 
observed large blue cod excluding small individuals from the bait pot, a behaviour that 
may result in small fish moving towards non-protected areas. Here I also found 
differences in blue cod length between reserve and fished areas. Abesamis & Russ 
(2005) found that aggressive interactions of the planktivorous fish Naso vlamingii at 
Apo Island Marine Reserve in the Philippines (a 20 year old reserve at that time) were 
significantly higher (by 3.7 times) inside than outside the reserve, suggesting that the 
density-dependent interactions were more intense inside the reserve. This may be an 
important factor determining the different patterns observed for blue cod and blue moki, 
in terms of the evidence found for blue cod i.e., larger fish found in the marine reserve.  
 In terms of the detection of gradients of density for both species only at the western 
boundary, directionality of movement may be considered as a potential driver for these 
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patterns. The results of the tagging study performed in chapter six indicated an 
asymmetry in the movement patterns of blue cod in the study area, i.e., most of the 
recaptured fish that crossed reserve boundaries (tagged inside /recaptured outside) 
moved towards the west (crossing the western boundary). This asymmetry in the 
movements of blue cod could account for the differences in the patterns of density 
across reserve boundaries found I the present study. However, no significant decreasing 
trends on density were found for blue cod in the east boundary in the 2011 survey and in 
the west boundary in 2012 with the baited underwater video methodology. This may 
indicate that spillover is likely to be detected in the future at both reserve boundaries for 
this species. 
 Another important factor to consider is the power of the analysis performed here in 
terms of the number of sites sampled inside the reserve and their location (i.e., distance 
from centre of MR). In the present study, I sampled three sites with the UVC 
methodology and four sites with the BUV methodology. In this context, it could be that 
the number of sites sampled at TMR is not enough to detect spillover for most of the 
species surveyed. Also it could be possible that the time elapsed since the establishment 
of the TMR has not been enough for spillover to be detected yet (i.e., only four years 
have passed since the establishment of the reserve until the present study took place). 
Halpern et al. (2010) found evidence of spillover in eight out of 13 MRs included in 
their analysis and all were eight years old or older. 
 Overall, my findings, here and in chapter three, contrast with the assumptions of 
many theoretical studies that have suggested that species that move distances greater 
than the diameter of a reserve will not be fully protected from fishing and cannot be 
expected to substantially increase in population biomass within reserves (e.g., Moffitt et 
al. 2009, Langebrake et al. 2011). Consistently, Claudet et al. (2010) in a recent meta-
analysis of Mediterranean MPAs, also found that the effect of protection was at least as 
strong for mobile species as it was for sedentary ones. Also, Edgar et al. (2004c) 
suggested that reserves should provide maximal spillover benefits for species with 
intermediate movement capabilities, or with both sedentary and mobile phases.  
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5.5 Conclusions 
 
 This chapter provides little evidence consistent with a positive effect of reserve 
protection in the TMR resulting in the detection of differences in density estimates 
among sites and length estimates between areas for some fish species, including target 
and non-target species.   
 Also, there was little evidence of spillover except the possible exception of two target 
species (blue cod and blue moki) and in contrast with the findings of previous studies, 
density gradients were found for species with low and high mobility. It may be 
necessary for more time to pass before spillover can be detected at the TMR.  
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Chapter 6 
 
 
Movement Patterns of Blue Cod Across 
the Boundaries of the Taputeranga 
Marine Reserve: Evidence for Spillover 
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6.1 Introduction 
 
Species mobility may be important for the design of marine reserves (MRs) used for 
both conservation and management of fish species (Chapman & Kramer 2000). 
Movements across the boundaries of MRs can affect the abundance and distribution of 
fishes within and outside reserves (Rakitin & Kramer 1996, Russ & Alcala 1996, 
Kramer & Chapman 1999). Consequently, knowledge of fish mobility is critical for 
evaluating the ability of reserves to protect fish (e.g., determine the optimal size of 
MRs) and to enhance surrounding fisheries through the emigration of fish from MRs 
(Sladek Nowlis & Roberts 1997, Sale et al. 2005, Goñi et al. 2006). Direct measurement 
of individuals‟ movements (e.g., sonic tracking or mark-recapture experiments) can be 
very expensive and time consuming, restricting the number of species that can be 
studied at one time (Rakitin & Kramer 1996). Consequently, empirical studies on the 
effects of MRs on fisheries have usually focused on the detection of differences in 
spatial patterns of fishing effort yield and catch rates, all of which are considered 
indirect indicators of emigration from reserves (e.g., McClanahan & Kaunda- Arara 
1996, McClanahan & Mangi 2000, Kelly et al. 2002, Russ et al. 2003, Murawski et al. 
2005, Abesamis et al. 2006a, Goñi et al. 2006, 2008).  
 Although some studies have quantified movements of reef fishes across reserve 
boundaries through mark-release-recapture programmes (e.g., Attwood & Bennett 1994, 
Zeller & Russ 1998, Cole et al. 2000, Zeller et al. 2003, Tremain et al. 2004, Goñi et al. 
2006, Tupper 2007), the degree to which these movements represent a response to 
protection is often difficult to assess (Goñi et al. 2006). Measuring the movement of 
biomass into MRs should be equally important to measuring outward movements, but 
only a few tagging studies have attempted to directly measure net flux rate across 
reserve boundaries (e.g., Funicelli et al. 1989, Beinssen & Beinssen 1991, Rowe 2001, 
Zeller et al. 2003, Tremain et al. 2004). Another major problem associated with such 
tagging studies is that the movement patterns of the study species are often measured at 
one reserve location, with no control for the natural movement patterns of the species in 
the area (Zeller et al. 2003). Consequently, it is imperative that studies attempting to 
quantify spillover examine multiple reserve and control locations (Zeller et al. 2003). 
 Traditionally, capture-mark-recapture (CMR) methods have simply sought to provide 
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qualitative information on distribution patterns and migration routes of tagged animals, 
but the analysis and modeling of tagging data has evolved along with new demands and 
possibilities. CMR analysis has significantly contributed to the advancement of 
population biology by allowing the comparison between populations and groups in the 
population and by obtaining unbiased estimates of crucial demographic parameters like 
survival and growth (Pradel 1996, White & Burham 1999, Harmsen et al. 2011 and 
references therein). A number of approaches have been proposed for improving basic 
mark-recovery analysis. For example, Burnham et al. (1987) used Maximum Likelihood 
Theory to estimate survival rates that, given the availability of specialized easy-to-use 
software, have been widely applied. Estimates obtained through CMR analysis can be 
used to determine whether populations are declining, stable or increasing and also to 
evaluate the impacts of threats, assess responses to management actions designed to 
alleviate threats, and highlight areas where further research is needed (e.g., Lettink & 
Armstrong 2003, Lopez-Rivera & Sabat 2009, Gormley et al. 2012, Kay et al. 2012). 
Estimates of survival rates have been used to make comparisons between management 
treatments, for example to determine the potential effectiveness of MRs (e.g., Rowe 
2001, Lambert 2005, Lopez- Rivera & Sabat 2009). The success of a MRs may depend 
on individuals therein having greater survival than those outside (Rowe 2001). For 
example, Rowe (2001) found that a MR in Bonavista Bay (Newfoundland, Canada) 
offered increased survival to lobsters protected within it and thereby may provide 
benefits to fisheries. Lambert (2005) found that a significant proportion of adult female 
blue crabs remained in the Chesapeake Bay sanctuary (Virginia, USA) to spawn and 
were not captured by the fishery suggesting that the sanctuary is an effective means of 
protecting females migrating to or residing in the spawning grounds. Contrastingly, 
Lopez-Rivera & Sabat (2009) did not find differences in survival sites located inside the 
Luis Peña Channel Marine Fishery Reserve in Puerto Rico and sites adjacent to the 
reserve. 
 Blue cod is endemic to New Zealand waters and is one of the most popular 
recreational coastal fish species in the country. It is highly valued by all sectors and is 
especially abundant in the South Island, where it supports both a commercial and a 
recreational fishery (Ministry of Fisheries 2008). Tagging surveys indicate that blue cod 
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tends to be resident to a specific home area and are therefore susceptible to local 
depletion, although most of the studies have been performed in the South Island and 
may therefore not apply elsewhere (e.g., Cole et al. 2000, Carbines & McKenzie 2004). 
However, despite the importance of blue cod large population, declines have been 
reported in some locations. For example, due to concerns about the sustainability of blue 
cod within the Marlborough Sounds the fishery was closed in 2008, but improvement in 
the adult biomass in recent surveys (Beentjes & Carbines 2012) the Minister of Fisheries 
and Aquaculture re-opened the recreational blue cod fishery in the Marlborough Sounds 
in April 2011). Studies performed in the Marlborough Sounds area have shown that blue 
cod remain within relatively small areas (Rapson 1956, Mace & Johnston 1983, Cole et 
al. 2000). Carbines (2003), examined the patterns of movement of blue cod populations 
in the Foveaux Strait, located at the bottom of the South Island, and found that they were 
similar to those reported for Marlborough Sounds, however, the mobile portion of the 
Foveaux Strait population moved greater distances than the mobile portion of the 
Marlborough Sounds population, i.e., the largest distance moved was 156.1 km 
compared to 48 km and 41.7 km reported by Rapson (1956) and Mace & Johnston 
(1983), respectively. 
 Recovery of blue cod in NZ MRs has been evaluated in several studies using different 
methodologies, including underwater visual census (UVC), baited underwater video 
(BUV) and catch measure and release (CMR) surveys, and the results generally indicate 
that the abundance and size of blue cod inside reserves are higher compared to control 
sites (Cole et al. 2000, Willis et al. 2000, Davidson & Abel 2002, Davidson 2004, 
Taylor et al. 2003, Haggitt et al. 2008, Pande et al. 2008, Eddy 2011, Díaz-Guisado et 
al. 2012, Pande & Gardner 2012). Davidson et al. (2009) reported a 12 year dataset for 
several species at the Long Island-Kokomohua MR and adjacent fished areas 
(Marlborough Sounds) and demonstrated that the exclusion of fishing has produced 
changes in the blue cod population size structure, abundance, and behaviour. In 2000, 
approximately 7 years after the reserve was established, blue cod was more than 125% 
more abundant within the reserve, and on average 80 mm longer, compared to control 
sites. The increased mean length and density of blue cod in the reserve was in stark 
contrast to changes in fish length and also density at fished sites (Davidson et al. 2009). 
However, some studies have shown that the abundance of blue cod inside reserves has 
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declined over time since reserve establishment (Stewart & MacDiarmid 2003, Haggitt et 
al. 2008). 
 According to Eddy (2011), as a result of the construction of present (2010) and 
historical (i.e., prior to large scale exploitation in the area) ecosystem models, among the 
fish species targeted by recreational fishers, blue cod fisheries have the greatest impacts 
on the ecosystem. While commercial catches of blue cod in the Wellington region are 
negligible, most of the recreational fishing pressure in the Fisheries Management Area 
(FMA) 2, which stretches from East Cape to the Wellington's west coast, comes from 
this heavily populated region (Francis 2008). Before the establishment of the 
Taputeranga Marine Reserve (TMR) in 2008, a baseline study in the area was 
performed. The baseline study included blue cod and detected differences in abundance 
of many species in the area from site to site, suggesting the existence of a gradient in 
community structure from east to west along the Wellington South coast (i.e., greater 
abundance at more easterly sites). In addition, patterns of seasonal variation in 
abundance were observed for this species (Pande & Gardner 2008). In Chapter three I 
analyzed a 14-year time series data set of abundance in order to detect early changes in a 
multi-species fish assemblage in the TMR and found evidence that suggested the 
recovery of blue cod in the TMR. Also, in Chapter five, through an analysis of gradients 
of abundance across the TMR boundaries, I found indirect evidence that may be 
consistent with spillover for blue cod.  
 The aim of the present study was to perform a capture-mark-recapture study to 
quantify spatial differences in community parameters (CPUE, length, weight and 
survival estimates) of blue cod between reserve and fished areas and to assess the 
potential for spillover of this species across the east and west boundaries of the TMR.  
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6.2 Methods 
 
6.2.1 Study area 
 
The present study took place in the TMR and surrounding fishing grounds located on the 
Wellington south coast (Fig. 6.1). The survey was conducted in a ~12 km long section 
of shallow reef slope including a ~3.8 km section protected inside the TMR and two 
sections extending ~1.6 km and ~2.6 km outside to the west and east lateral boundaries 
of the reserve, respectively (total of ~ 4.2 km section outside the reserve). Refer to 
chapters three for a detailed description of the study area. 
 
 
6.2.2 Sites surveyed 
 
Twelve sites along the Wellington south coast were chosen for the study (Fig. 6.1). 
Eight of those sites (Sinclair Head, Red Rocks, Yung Pen, The Sirens, Princess Bay, 
Palmer Head, Barrett Reef and Breaker Bay) have been the focus of the monitoring 
programme of the TMR since before its establishment (see chapter three). The other four 
sites, Quarry, Island Bay, Waitaha Cove and Moa Point were selected in order to be able 
to sample a greater area and to facilitate the study of the movement patterns of the 
species.  
 
 
6.2.3 Species surveyed 
 
the present study focused on blue cod, Parapercis colias. The species has been subject 
to high fishing pressure in the study area, mainly from the recreational sector. 
Recreational fishers take around 100-200 tonnes of blue cod from the Fishery 
Management Area (FMA) 2, which stretches from East Cape in the east coast of the 
North Island to the Wellington west coast, while commercial catches of blue cod in this 
region are negligible (Francis 2008). Blue cod is one of the eight fish species that has 
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been the focus of the monitoring surveys at the TMR (e.g., Pande & Gardner 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Map of the study area showing the sites surveyed. Green areas correspond to intertidal reef. 
 
 
6.2.4 Survey methodology: capture-mark-recapture (CMR) survey 
 
A CMR survey was performed between October 2010 and May 2012. In concordance 
with the Scientific Research permit (DOCDM 489168) granted by the Department of 
Conservation in September 2009, a maximum of 100 blue cod were tagged at each site. 
Fishing was undertaken using standard commercial cod pots. Pots were rectangular 
(1.87 x 1.40 x 0.93 m), constructed from a 40 mm diameter steel rod framework and 
covered with 60 mm nylon mesh. Each pot had two entrances of 10 cm external 
diameter leading into a 20 cm long steel rod tube with an internal diameter of 8 cm. The 
bait (frozen pilchard, Sardinops neopilchardus) was enclosed in a bait bag attached to 
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the inside bottom face of the pot. Baited pots were deployed at depths in the range 5 - 25 
m on rocky reef habitat. Deployment time varied and usually did not exceed one hour 
based on recommendation by Beentjes & Francis (2011). Due to the low capture rate, 
i.e., 13 fish caught over a period of approximately 3 months (a total of seven hours 
fished), line fishing was incorporated in October 2010 as an alternative methodology in 
order to improve catch rates. Pot fishing was maintained as an alternative methodology 
until February 2011 but after that line fishing was the only methodology used. Fish were 
caught using the fishing gear recommended by the Ministry of Fisheries (i.e., 6/0 or 
larger circle hooks with no offset) to ensure the survival of fish after they were released. 
Hooks were baited with a small piece of squid. After fish were caught they were placed 
in a tank containing seawater on board the vessel. The water in the tank was replaced 
frequently to avoid any increase in temperature. All fish were handled using rubber 
gloves, while the tagging area was covered with a plastic sheet to minimize the risk of 
infection to fish. Contact between the fish and the deck was minimized. They were 
removed from the tank to be measured and weighed (Fig. 6.2). Fish size was estimated 
by directly measuring fish total length to the nearest 0.1 cm and fish weight was 
estimated to the nearest 0.5 g. I used 15 mm (tail size) Hallprint T-bar anchor tags with 
numbers imprinted onto them (0001- 1200) to mark the fish. Different tag colours were 
used (i.e., one colour for each site) to allow for easy identification of the site where the 
fish were tagged, especially in case the tag number was not recorded or could not be 
read in the future (e.g., in case of re-sights by diver or with the BUV methodology). Fish 
were tagged using a Dennison T-bar tagging gun (Fig. 6.3). Tags were inserted into the 
fish's muscular tissue at the base of the dorsal fin (Fig. 6.2). Injured fish, that is, fish that 
were damaged with the fishing gear (e.g., gut hooked fish), were not tagged and were 
returned to the water. Tagged fish were returned to the water at the same location that 
they were caught. Tag number, location, depth and date were recorded.  
 Fishing effort (pot and line fishing) varied randomly among sites and mainly 
depended on weather conditions. Depth also varied among sites; usually within each site 
several fishing locations were sampled (44 and 64 for reserve and fished areas 
respectively) and depth varied between locations. A detailed summary of the number of 
fish caught and tagged is shown in Table 6.1.  
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Figure 6.2: Photographic sequence showing the tagging procedure on board the Victoria University 
research vessel. (A) fish inside the holding tank aboard the vessel, (B) measuring fish length, (C) inserting 
the tag at the base of the dorsal fin, and (D) tagged individual before being released.  
  
 
 Due to the low capture rate compared to other studies, i.e., number of fish tagged in 
other studies was usually higher (e.g., Rapson 1956, Mace & Johnston 1983, Carbines 
2003), the tagging survey extended longer than expected. Fish were tagged during a 15 
month period (October 2010 – December 2011) and the recapture survey was performed 
in conjunction with the tagging survey in the same area and extended for six more 
months (until May 2012). Due to the variable weather conditions in the area of study 
and resource limitation (e.g., boat availability), both the tagging and recapture surveys 
were conducted when time and resources permitted, and not at a standard time of year 
for a discrete time period as usually is done in this kind of study. To increase 
information return, the study was publicized in fishing association newsletters, magazine 
articles and posters were also placed at local notice boards, diving centers and major 
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fishing access points around the Wellington south coast. Information (recapture location, 
tag number, fish length and weight) was voluntarily provided by fishers. Recaptures 
reported until 31 December 2012 were considered in the analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Denison gun (tag applicator) with T–bar anchor tags inserted and ready for application. 
 
 
 
Table 6.1: Summary table of the total numbers of fish tagged in the catch-mark-recapture survey and 
additional information. Total catch included tagged fish, recaptured fish, dead fish and injured fish that 
were released. 
 
 
 
 
 
 
 
6.2.5 Statistical analysis 
 
For analytic purposes I grouped the sites into two areas, reserve (four sites) and fished 
(eight sites) areas. 
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6.2.5.1 Differences in fish density, length and weight between areas 
 
Mean fish density per area (fished and reserve) was estimated by calculating the catch 
per unit of effort (CPUE) expressed as number of fish caught per hour (for pot data) and 
number of fish caught per hook per hour (for line data). I included in the analysis fish 
that died (tagged and non-tagged), injured fish that were released and recaptured fish.  
 I used a linear model (LM) to determine whether fish density, length and weight 
differed significantly between areas. The analysis was carried out using the R statistical 
software package (R Core Team 2012). The model was fitted using the generic function 
lm in the Stats R package. For the density analysis, the model was fitted with area 
(fished/reserve), year (2010/2011) and season (four seasons) as fixed factors. Interaction 
between factors area and year was also tested. I used the Bonferroni correction for 
multiple comparisons. For the length and weight analyses, the model was fitted with 
area (fished/reserve) and year (2010/2011) as fixed factors.  
 In order to determine differences in the length frequency distribution of fish between 
reserve and fished areas I classified the length data into size classes according to 
Sturges‟ Formula to determine an optimal number of size classes, k (Sturges 1926).  
 
K=1 + 3.322log 𝑛  
 
where n is the number of observations. 
 
 I used six, five cm size classes. Five cm size classes are usually used in standard 
underwater visual transect methods to classify fish size (Kingsford 1998). I used a non-
parametric Kolmogorov-Smirnov (K-S) (R Core Team 2012) test to test pair-wise 
differences in blue cod length-frequency distributions between areas for each year 
separately. To detect differences in the density of legal sized fish (> 33 cm) between 
reserve and fished areas I calculated the percentage of legal size fish present inside and 
outside the reserve for 2010 and 2011. Finally, a descriptive statistical analysis was 
performed using the function fivenum in the Stats R package and the Mood's two-
sample test was used to test for differences between medians. 
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6.2.5.2 Analysis of survival and recapture probabilities  
 
In order to test for differences between areas (reserve/fished) in survival and capture 
rates I performed a multigroup analysis in Program MARK (White & Burnham 1999). 
For this analysis I only included the recaptures inside the study area. The data consisted 
of 539 individuals, which belonged to one of two groups (244 and 295 fish captured in 
reserve and fished, respectively) over 21 sampling occasions (k = 21). 
 The analysis was performed with the software Program MARK. This software 
provides parameter estimates by analyzing the encounter history of each animal and 
fitting different models. The number of parameters that are estimable in the model are 
determined numerically and the estimates of model parameters are computed via 
numerical maximum likelihood techniques. The quasi-likelihood AIC value is calculated 
for each model.  
 I fitted a live encounters model, the Cormack-Jolly-Seber model (CJS) (Lebreton et 
al. 1992) i.e., open population mark-recapture model (Pollock et al. 1990) where 
survival and capture probability are estimated for each time period. Two attribute groups 
were modeled (reserve/fished) giving a total of 16 possible models where time effects, 
group effects, time x group effects and a null model of none of the above, were provided 
for each parameter. I used unequal time intervals between re-encounters. The logit 
function was used to link the design matrix to the parameters of the model. Models were 
compared using adjusted Akaike‟s Information Criterion (AICc) that corresponds to the 
AIC with a correction for finite sample sizes. The AICc selects the most parsimonious 
model, which is the model that best explains the variation in the data while using the 
fewest parameters (Burhan & Anderson 2002).Using AIC, instead of AICc when n 
(sample size) is small, increases the probability of selecting models that have too many 
parameters, i.e. of overfitting. Model fit was assessed with the bootstrap Goodness of fit 
procedure (500 simulations). To check for over-dispersion, the over-dispersion 
parameter, c was estimated. Survival and recapture probabilities for both groups were 
estimated from the best model and then compared. It is important to notice that 
estimates of survival with these data set may be very uncertain due to the fact that fish 
were tagged over a long time interval (as opposed to clustered in a few discrete 
intervals, as this approach is designed for) and there are very few recaptures. However, 
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due to the variable weather conditions in the study area and resource availability, these 
limitations can not be addressed in the analyses performed.  
 To compare survival probabilities between areas I used a One-way ANOVA. The 
analysis was carried out by the R statistical software package (R Core Team 2012). To 
compare the probability of recapture for fish tagged outside the reserve to the 
probability of recapture for fish tagged inside the reserve I used a relative risk (RR) 
analysis (Daniel 1999). RR is a ratio of two probabilities and is calculated by p1/p2, 
where pi is the proportion of the animals in group i that are recaptured and i takes on the 
values “tagged inside” and “tagged outside” the reserve. The RR was calculated by the 
shortcut formula: 
 
RR=
𝑎  a+b  
𝑐  c+d  
 
 
where a, b, c, d are the number of fish tagged outside and recaptured, number of fish 
tagged outside and not recaptured, number of fish tagged inside and recaptured, and 
number of fish tagged inside and not recaptured, respectively (Daniel 1999). The null 
hypothesis is that tag recapture and location of release (inside vs outside of the reserve) 
are independent. A relative risk of one indicates that the probability of recapture is the 
same for both groups of fish, whereas a relative risk greater than one implies that the 
probability of recapture for fish tagged outside is greater than that of fish tagged inside. 
The 95 % confidence interval for the relative risk is calculated by:  
 
RR
1x= 
𝑍𝑎
 𝑋2
 
 
where zα is the two-sided z value corresponding to the chosen confidence interval (z = 
1.96) and χ2 is the Chi square test statistic (Daniel 1999). The χ2 value derived from a 2 
x 2 contingency table (comparing frequency of tagged fish that are recaptured and not 
recaptured within the reserve and outside of the reserve) can be calculated by the 
shortcut formula: 
𝑋2 =
𝑛 ad− bc 2
 a+c  b+d  a+b  c+d 
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where zα is the two-sided z value corresponding to the chosen confidence interval (α = 
5%, |Z0.025| = 1.96). 
 
 
6.2.5.3 Analysis of the movement patterns of blue cod across reserve boundaries 
 
In order to quantify the movement patterns of blue cod across reserve boundaries I 
analysed both the recaptures inside the study area and those reported by fisherman 
outside the study area. 
 The distance travelled (kilometers) by recaptured fish was calculated as the straight-
line distance between release and recapture locations. Only occasionally did the 
calculated route intersect land, and in these cases distance travelled was estimated by a 
series of straight lines drawn to mark the shortest possible sea route. For estimates of 
direction (compass heading) moved, intersection with land was ignored. I calculated the 
time elapsed (days) between the sampling occasion when fish were tagged and the 
sampling occasion when the fish were recaptured and then calculated the distance 
travelled as a function of time (i.e., km d
-1
). Recaptures reported by fishers that occurred 
outside the study area were also considered.  
 A linear and non-liner regression analysis was used to determine whether a 
significant relationship existed between fish length (when fish were tagged) and distance 
travelled by fish. The non-liner models (exponential and power) were fitted using the 
preview function in the nlstools package (Baty & Delignette-Muller 2013) and the nls 
function (Grothendieck 2013). The Akaike information criterion (AIC) model selection 
procedure was used to compare model fits (Akaike 1973). Depth differences between 
tagged site and recapture site were also calculated. 
 
 
6.3 Results  
 
The CMR survey ran for approximately one year and seven months with a total of 112 h 
50 min of fishing. A total of 585 fish were captured, including those fish that died (17 
fish, representing 2.91 %), were not tagged and released (8 fish, representing 1.4 %) and 
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recaptured (27 fish, representing 4.62 %). A detailed summary is presented in Table 6.1.  
 
 
6.3.1 Differences in fish density, length and weight between areas 
 
From the 585 fish captured, 52.8 % (309) were captured in non-protected (fished) areas 
and 47.2 % (276) in protected (reserve) areas (Table 6.1). The results of the LM analysis 
revealed no significant differences in mean CPUE between areas (p = 0.3779) or among 
seasons (p> 0.05) in the analysis per season. Significant differences in mean CPUE 
between years (p< 0.0080) were found in both areas, with mean CPUE being 
significantly higher in 2011 compared to 2010 (Fig. 6.4a). No significant interaction 
between factors (area x year) was also found (p = 0.5142).  
 The results of the LM analysis of fish length revealed significant differences in mean 
fish length between areas (p< 0.0001). On average fish were larger in reserve areas (Fig. 
6.5a). No significant difference in fish length between years was found (p = 0.104) and 
there was no significant interaction between factors (year x area) (p> 0.1631). When 
removing the interaction term and re-testing, similar results were obtained. 
 Results of the length-frequency distribution analysis revealed no significant 
differences between areas (p = 0.4413 and p = 0.9307 for the 2010 and 2011 surveys, 
respectively) (Fig. 6.6). The range of fish length varied from a minimum of 18.5 cm to a 
maximum of 45 cm. The minimum length was smaller in both years in fished areas 
compared to reserve areas. The maximum length was smaller in reserve sites in 2010, 
but it was larger in reserve sites in 2011. The median length was statistically different 
between areas in both years (p = 0.0067 and p< 0.0001 for 2010 and 2011, respectively). 
The median was smaller in fished sites, compared to reserve sites in both years (i.e., 6 
and 4.5 cm of difference between reserve and fished areas in 2010 and 2011, 
respectively) and also the mode followed this pattern (i.e., 1 and 12 cm of difference 
between reserve and fished areas in 2010 and 2011, respectively) (Table 6.2; Fig. 6.6). 
The analysis of the differences in density of legal size fish indicated that 60.7% of blue 
cod in the TMR were >33cm long, (legal size) compared to 10.8% of blue cod in nearby 
areas in 2010 while in 2011, 51.2% of blue cod in the TMR were >33cm long (legal 
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size) compared to 16.2% of blue cod in nearby areas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: Mean blue cod CPUE (number of fish per hook per min) ± SE in each season for reserve and 
fished areas in 2010 and 2011. 
 
. 
Table 6.2. Descriptive statistics derived from the blue cod length frequency distribution analysis.  
 
 
 
 
 
 
 
 
 
 
 
 The results of the lm analysis of fish weight revealed significant differences in mean 
fish weight between areas (p< 0.0001) and between years (p = 0.0095). Mean fish 
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weight was significantly greater in reserve areas compared to fished areas and was 
greater in 2010 compared to 2011 (Fig. 6.5b). A significant interaction between factors 
(year x area) (p = 0.0043) was observed. When removing the interaction, significant 
differences in mean fish weight was found between areas (p< 0.0001) but there were no 
significant differences between years (p> 0.05).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5: Mean blue cod length (cm) ± SE recorded in 2010 and 2011 in reserve and fished areas. (A) 
fished area 2010 survey, (B) fished area 2011 survey, (C) reserve area 2010 survey and (D) reserve area 
2011 survey.  
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Figure 6.6: Length-frequency distribution of blue cod recorded in 2010 and 2011 in reserve and fished 
areas. (A) fished area 2010 survey, (B) fished area 2011 survey, (C) reserve area 2010 survey and (D) 
reserve area 2011 survey. 
 
 
6.3.2 Differences in the survival and recapture probabilities between 
areas 
 
According to AICc, the model that best explains the variation in the data was the model 
Phi(s*t) p(t) (AICc = -4138.90). The “s*t” subscript for survival or Phi means a „full‟ 
model, including both the main effects (status and time) and the interaction of the two 
(„s*t‟ = s + t + s.t + error). That is, status and time interact, such that the relationship 
between survival and time can differ depending upon the status (or conversely, the 
relationship between survival and status can differ depending upon the time interval). 
The “t” subscript, for recapture, means that the recapture parameter is time-specific; in 
other words, that the recapture estimates may differ over time. Consequently, 60 
parameters were estimated for this model, 20 survival parameters for „reserve‟, 20 
survival parameters for the ‟fished‟ areas, and 20 recapture probabilities (the same for  
both areas). The observed deviance from the fit of the model in question to the original 
data falls into the distribution of the deviances from the data simulated in the goodness 
of fit analysis. The deviance of the original model was 78.8667, whereas the largest 
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deviance from 500 simulations was 93,711. The 498
th
 deviance was 78.416, while the 
499
th
 deviance was 91.254 so the possibility of observing a deviance as large as 78.8667 
was less than 2/500 (i.e., P = 0.004). No evidence of over-dispersion was found (c = 
1.0). 
 Mean survival estimated between sampling occasions for reserve areas was not 
significantly higher than mean survival estimated in fished areas (0.892 and 0.724 
respectively) (p = 0.0623) (Fig. 6.7). Estimated capture rates were < 1 in all sampling 
occasions. Also, the m arrays in Table 6.3 show that the capture probabilities were low, 
i.e., the maximum observed recapture probability was 0.74 (Fig. 6.7). The results of the 
RR analysis indicated that fish tagged inside the reserve had significantly higher 
probabilities of recapture than those tagged outside the reserve (RR = 0.41, 95 % CI -
0.19 to 0.90). 
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Table 6.3: A summary of blue cod resighting information based on the number of individuals released on 
each occasion, and when (and how many) they were captured on subsequent occasions. Where i = tagging 
occasions, j = recapture occasions, R(i) = number of individuals in total marked and released on each 
occasion, m(i, j) = number of individuals from a given release event which are captured for the first time 
at a particular occasion, r(i) = the total number of marked individuals captured from a given release batch, 
m(j) = total number of recaptures in sampling occasion j, and z(j) = total number of marked individuals 
that were not captured from sampling occasion j. 
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Figure 6.7: Estimated parameters (± 95% CI, represented by dashed lines) of blue cod in reserve and 
fished areas, according to model Phi (s*t) p (t).(A) estimated and (C) estimated capture probability. 
 
 
6.3.3 Movement patterns of blue cod across reserve boundaries 
 
A detailed summary of fish movements is shown in Table 6.4 and Table 6.5 for 
movement of fish inside and outside the study area, respectively. From the 539 fish 
tagged, 8.91 % (48) were recaptured.  
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 From the total fish recaptures, 83.3 % (40) were recaptured inside the study area 
(short distance movement). Mean time at liberty (i.e., number of days between the first 
capture and final recapture) was 146 days, with a maximum time at liberty of 635 days. 
Mean distance moved by fish recaptured inside the study area was 0.35 km with 47.5 % 
(19) of the individuals moving < 0.01 km, 35 % (14) moving between 0.1 - 0.5 km, 7.5 
% (3) moving between 0.5 - 1 km and 10 % (4) moving > 1 km. The maximum distance 
moved was 2 km. The mean distance travelled per day (speed) by fish recaptured inside 
the study area was 0.015 km d
-1
 (Table 6.4). Based on start (tagging location) and end 
(recapture location) points alone, none of these fish crossed reserve boundaries (Fig. 
6.8). From the total fish recaptured inside the study area (40), 37.5% (15) were tagged 
and recaptured inside the reserve and 62.5% (25) were tagged and recaptured outside the 
reserve. Most of the fish recaptured inside the study area moved towards deeper areas 
(53.8%) and fewer moved towards shallower areas (46.2%) (Table 6.4). Based on the 
AIC values, the best fit for the relationship between fish size and distance travelled was 
the power model but the relationship was not significant (P> 0.05) (Fig. 6.9a). A 
unimodal peak can be observed at about 33 cm length. 
 Most of the fish recaptured inside the study area were only recaptured once during the 
study, but one fish was recapture twice, the first time only one day after it was tagged 
and it was recaptured again about three months later in the same area, outside the 
reserve (i.e., moved less than 0.5 km). 
 From the total number of fish recaptured, 16.6 % (8) were recaptured outside the 
study area (i.e., showed evidence of long distance movement). Mean time at liberty for 
those fish was 295 days (maximum time at liberty = 590 days). Mean distance moved 
was 143.4 km with 25 % (2) of the individuals moving between 10-50 km, 25 % (2) 
moving between 50-100 km and 50 % (4) moving > 100 km. The maximum distance 
moved corresponded to 315 km. The mean distance travelled per day (speed) by fish 
recaptured outside the study area was 0.89 km day
-1
 (Table 6.5). Four of these fish 
crossed the reserve boundaries (i.e., were tagged inside the reserve). The four fish that 
did not cross reserve boundaries were all tagged and recaptured outside the reserve. 
Most of the fish recaptured outside the study area moved towards the west (i.e., six to 
the west coast of the North Island and one towards the South Island) and only one of 
them moved east towards Wellington Harbour) (Fig. 6.10, Table 6.5). All fish 
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recaptured outside the study area moved towards deeper offshore areas. The mean depth 
difference between tagging and recapture site was 19.2 m (Table 6.5). Based on the AIC 
values, the best fit for the relationship between fish size and distance travelled was the 
exponential model and the relationship was significant (p< 0.0001) (Fig. 6.9b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Map of study area and surrounding locale showing the direction of movement and distance 
travelled by fish recaptured inside the study area (short distance movement). 
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Table 6.4: Summary of blue cod movements derived from the analysis of fish recaptures inside the study 
area. R: reserve, F: fished. Negative values for the depth difference implies that fish were recaptured at a 
shallower depth than the first capture. 
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Figure 6.9: Relationship between blue cod length (cm) and distance moved (km) for fish recaptured. (A) 
fish recaptured inside the study area (short distance movement), (B) fish recaptured outside the study area 
(long distance movement).  
 
 
Table 6.5: Summary of blue cod movements derived from the analysis of fish recaptures outside the study 
area. R: reserve, F: fished. Negative values for the depth difference implies that fish were recaptured at a 
shallower depth than first capture. 
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Figure 6.10: Map of study area and surrounding locale showing the direction of movement and distance 
travelled (km) by fish recaptured outside the study area (large distance movement).  
 
 
6.4 Discussion 
 
The aim of this chapter was to determine the potential for spillover of the species by 
analysing its movement patterns in the study area particularly across reserve boundaries. 
Several previous studies have investigated the effects of MRs on this species in order to 
detect changes in fish mean density and mean length inside New Zealand MRs (e.g., 
Willis et al. 2000, Davidson & Abel 2002, Davidson 2004, Taylor et al. 2003, Haggitt et 
al. 2008, Pande et al. 2008, Eddy 2011, Díaz-Guisado et al. 2012, Pande & Gardner 
2008, Gardner & Struthers 2013). In the study area, a baseline survey was carried out by 
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Pande & Gardner (2008) providing important information that defined the status of 
several species, blue cod among them, in the area before the establishment of the 
reserve. More recently Eddy (2011), using an ecosystem-based modelling approach to 
evaluate the changes in the subtidal community structure in the study area as a result of 
several decades of exploitation, detected that the biomass of most of the fish groups in 
the area had decreased due to fishing and blue cod recreational fisheries are likely to 
have a considerable impact on the ecosystem.  
 Even though a few studies have investigated the movement patterns of blue cod in 
New Zealand, most of them have focused in the determination of patterns of movement 
between management zones (e.g., Carbines 2003, Carbines & McKenzie 2004), and 
only a few have investigated the movement patterns across reserve boundaries (e.g., 
Cole et al. 2000, Gardner & Struthers 2012), although none of them have been 
performed in the Wellington south coast region. 
 
 
6.4.1. Effect of protection on the density, length and weight of blue cod 
 
Overall I found little evidence suggesting a positive effect of protection on blue cod 
density, i.e., the analysis of CPUE (including season) only suggested increased blue cod 
density as a function of time (from 2010 to 2011) but not as a function of area (reserve 
versus fished). However, the results of the lme analysis of blue cod length and the 
analysis of the measures of central tendency indicating differences in fish length 
between areas suggest a positive effect of protection on fish length, i.e., bigger fish in 
reserve. Also a higher percentage of legal size fish were found in reserve areas 
compared to fished areas indicating a positive effect of the reserve on blue cod. Overall, 
these findings contrast with the results of the meta-analysis presented in chapter two that 
indicated that several New Zealand MRs are having a rapid, consistent and positive 
effect on the density of blue cod. However, the results presented in this chapter are 
consistent with the results reported in chapter two where differences between control 
and reserve areas were found in many NZ MRs and in chapter three where the 
differences between control and reserve areas over a 14-yr period reveal little evidence 
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of early changes in blue cod density and length in the area protected by the TMR (i.e., 
increased density in the reserve).  
 The catch, measure and release (CMR) methodology used in the present study has 
been used before to assess MR effects. For example, some studies have documented the 
recovery (i.e., increased density and length) of fish stocks by comparing CPUE between 
protected and fished areas (e.g., Bennett & Attwood 1991, 1993, Davidson 2001b, 
Pillans et al. 2005, Stobart et al. 2009). Bennett & Attwood (1991, 1993) recorded an 
increase in modal sizes for particular fish species and an increase in CPUE data over the 
4.5 years following reserve protection in a South African MR, whereas Davidson 
(2001b, 2004) found that 11 months after reservation, blue cod CPUE in the Long Island 
- Kokomohua MR had increased by over 100% compared with the control sites and 
continued to increase in the reserve for 4 years after the reserve was established. Despite 
the widespread use of CPUE as an index of relative abundance, some authors have 
considered CPUE to be biased and not strictly proportional to abundance (e.g., Millar & 
Fryer 1999, Harley et al. 2001, Cox et al. 2002). However, Haggarty & King (2006), by 
comparing species density measurements derived from a UVC survey, verified that 
CPUE is a useful measurement of the relative abundance of reef fish when the 
appropriate depth and habitat was targeted. In addition, Gardner & Struthers (2012) in a 
comparison of survey methodologies to test for abundance and size of blue cod, 
recognised that experimental angling (EA) and baited underwater video (BUV), were 
more efficient than underwater visual census (UVC). Those methodologies also 
provided high ability to detect fish, had high statistical power and small standard errors, 
and despite a relatively low sampling effort were good methodologies to detect 
differences between reserve and fished areas (Gardner & Struthers 2012). CPUE have 
also been used to detect density gradients across MR boundaries (e.g., Goñi et al. 2006, 
Abesamis et al. 2006a, b). In this context the results of the present study may provide 
reliable estimates of the effects of protection on blue cod. 
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6.4.2 Effect of protection on blue cod survival 
 
Parameters estimates obtained from CMR studies can also be used as direct estimates of 
the effectiveness of management areas (e.g., Rowe 2001, Lambert 2005, Lettink & 
Armstrong 2003, Lopez-Rivera & Sabat 2009, Gormley et al. 2012). Lambert et al. 
(2005) studied the effectiveness of a Marine Sanctuary in Virginia (U.S.A.) by 
comparing the survival and recapture probabilities of blue crabs tagged outside the 
sanctuary to the probability of recapture for crabs tagged inside the sanctuary and 
detected that survival and recapture probabilities were higher inside the reserve 
compared to fished areas. Rowe (2001) in order to determine the potential effectiveness 
of a MR in Canada in sustaining fisheries for American lobster showed that the reserve 
offered increased survival to lobsters and thereby may provide benefits to fisheries. My 
results contrast with those reported by Rowe (2001) and Lambert et al. (2005) as I 
detected no differences in the survival estimates between areas. However, I did find 
differences in the recapture probabilities between areas, these being higher inside the 
reserve, suggesting that a significant proportion of the fish that were tagged remained in 
the reserve. This result could indirectly indicate higher survival inside the reserve 
relative to fished areas, where tagged fish were exposed to fishing; this assumes that 
individuals in the reserve and those in the fished areas have the same potential of 
displacement. However, it is important to bear in mind the limitations of the analyses 
performed here as due to the experimental design of the present study (i.e., extension of 
the tagging survey) there is a high uncertainty associated to the estimates of survival 
obtained.  
 Increased survival inside reserves can also be indirectly estimated from differences in 
size, i.e., larger individuals inside marine reserves usually indicate that individuals 
inside reserves have survived to larger sizes because they are not removed by fishing. 
Lopez-Rivera & Sabat (2009), in a study of the effect of a MR in Puerto Rico, found 
that the survival rates of the red hind grouper did not vary significantly between 
protected and fished areas, however, red hind groupers inside the reserve were 
significantly larger than those outside suggesting that red hinds are surviving to larger 
sizes. Increased length of individual inside MRs is a very common finding derived from 
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studies reporting the effects of MR protection for a range of vertebrate and invertebrate 
species (i.e., direct and indirect reserve effects) (e.g., Lester et al. 2009, Babcock et al. 
2010, Díaz- Guisado et al. 2012, Micheli et al. 2012). Lopez-Rivera & Sabat (2009) 
suggested that the recapture methodology used in their study was not statistically 
powerful enough to detect the small differences in survivorship that could result in the 
observed differences in size structure. My findings are consistent with those reported by 
Lopez-Rivera & Sabat (2009), suggesting a positive effect of protection on fish length, 
i.e., bigger fish in reserve, and even though not significant, a small differences in fish 
survival was detected between reserve and fished areas (i.e., higher survival in reserve). 
 
 
6.4.3 Movement patterns of blue cod across MR boundaries 
 
Only a few CMR studies have been performed in New Zealand in order to assess blue 
cod movement patterns. Most of these studies have reported low recapture rates i.e., less 
than 10% of the tagged fish recaptured over the course of a study in studies extending 
between nine and 20 months) independently of the amount of fish tagged (e.g., Rapson 
1956, Mace & Johnston 1983, Cole et al. 2000, Carbines 2003, Struthers 2004). The 
overall recapture rate recorded in the present study was similar to that previously 
reported, i.e., 8.91 % of the tagged fish were recaptured over a 19 month period. It has 
been suggested that low recapture rates associated with population estimates can lead to 
biased estimation of those parameters (Harmsen et al. 2011). Also, a CMR study 
focused on the determination of animal movement patterns depends largely on tagging-
related mortality, tag loss, and the rates of tag detection and reporting (Björnsson et al. 
2011). Therefore, studies that report low rates of tag return cannot provide clear results 
and also may bias parameter estimation and care should be taken in the interpretation of 
these values (e.g., Pollock et al. 2001, Oosthuizen et al. 2009). 
 Most of the surveys on blue cod movement (e.g., Cole et al. 2000, Govier 2001, 
Carbines 2003, Carbines & McKenzie 2004, Struthers 2004) have indicated that blue 
cod tends to be resident in a specific home area, suggesting limited migration potential. 
For example, Carbines (2003) reported that 60.2% of tagged fish moved less than 1 km 
and Carbines (2003) reported that 65% of the tagged fish moved less than 1 km. Similar 
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results, i.e., most fish moving less than 1 km, were reported by Cole et al. (2000) (75%) 
and Struthers (2004) (83.3%). Even though Cole et al. (2000) and Struthers (2004) 
found that fish at reserve sites moved longer distances than those at fished sites, and 
overall my results also suggested that most of the fish tagged both inside reserve and in 
fished areas moved very little. Also, Roger & Wing (2008), found similar results in and 
analysis of stable isotope for the blue cod population in the  Doubtoul Sound and later 
similar results were also found by Beer et al. (2011) in an analysis of the otolith 
microchemistry in the same area. The results obtained in the present study are consistent 
with those reported in previous studies, as most of the fish recaptured were recaptured 
within the study area (i.e., 83.3 %) and 90% of them (i.e., 77.1% from the total 
recaptured fish) moved less than 1 km and had not crossed reserve boundaries. For those 
fish that moved short distances (were recaptured within the study area), the distance 
travelled was related to fish size (exponential relationship) while no significant 
relationship was found for long distance movements. My results also suggest that legal 
size fish move longer distances than small and large fish. This may indicate that small 
fish (non-reproductive) and big fish (reproductively active fish) may not move as much 
as medium sized fish, while, probably, medium sized fish may need to move to find 
territories or mates. Previous studies have not detected a significant relationship between 
fish length and distance travelled (e.g., Carbines 2003, Carbines & McKenzie 2004, 
Struthers 2004). However, the maximum distance moved reported in the present study 
(i.e., 315.1 km) was considerably larger than the maximum distance reported in previous 
studies (i.e., 156 km) (Carbines 2003).  
 In most of the other studies on blue cod movement, very few fish moved more than 
100 km, while in the present study I detected longer distance movement, most of them 
corresponding to fish tagged inside reserve areas. In this context, the results of the 
present study highlight the potential of blue cod to travel long distances and therefore 
contribute biomass to surrounding areas via spillover, as several fish moved more than 
100 km (i.e., approximately 1 km per day). Also, in contrast to previous findings, I 
found a positive relationship between fish length and distance, at least for short distance 
movements. Furthermore, several fish travelled distances over 100 km and crossed 
reserve boundaries, all of them moving towards fished areas. The present study is one of 
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the few CMR studies performed in New Zealand that has focused on determining the 
movement patterns of blue cod across MR boundaries. Others included Cole et al. 
(2000), who studied blue cod at the Long Island–Kokomohua Marine Reserve in the 
South Island, and Struthers (2004), who worked at the Kapiti MR in the North Island. 
Struthers (2004) also reported a few fish crossing reserve boundaries while Cole et al. 
(2000) did not observe any fish to cross the reserve boundary. Struthers (2004) 
suggested that these differences could be due to the habitat differences between study 
sites. Some advocates claim that for MRs spillover to occur there must be a biological 
link between the closed and open areas defined by the migration/dispersal patterns of 
fish stocks residing within and outside the protected areas along with the geographic or 
oceanographic characteristics of the marine environment (Sanchirico 2000). Struthers 
(2004) suggested that fish in the Long Island-Kokomohua MR would have had to move 
large distances over soft sediment to reach fished sites, while at Kapiti MR reef between 
reserve and fished sites is generally continuous, which permits fish movement between 
areas. Indeed, the distribution of habitat types relative to reserve boundaries is known to 
be an important factor determining movement of species (Buechner 1987, Chapman & 
Kramer 1999, Kramer & Chapman 1999, Freeman et al. 2009). However, at TMR, sites 
are very similar in their physical habitat types (greywacke reef interspersed with patches 
of medium-grained sand; similar wave exposure) (Pande & Gardner 2008), allowing the 
movement of fish between areas. Despite this, I was able to detect very little movement 
between areas. High site fidelity has been reported for several fish species (e.g., Topping 
et al. 2006, Green et al. 2012, Lowerre-Barbieri et al. 2013) and the implications for 
marine conservation have been investigated (e.g., Starr 2005). 
 Finally, the fact that most of the fish recaptured outside the study area (long distance 
movement), with the exception of only one fish, moved towards the west (moved away 
from Wellington Harbour) and most of them towards west coast of the North Island, 
could suggest a pattern of unidirectional movement as far as TMR blue cod are 
concerned. These findings are not surprising due to the fact that the sand cover, 
characteristic of the inner bay areas, increase towards the eastern areas, especially from 
the east boundary onward, being particularly extensive closer to the Wellington Harbour 
entrance. Even though blue cod is often found on reef edges and shingle/gravel or sandy 
bottoms, close to rocky outcrops (Andrew & Francis 2003), Carbines (2003) found that 
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most blue cod were tagged and recaptured on reef habitats. Overall, the movement 
patterns observed in the present study indicate the potential of the species to travel long 
distances and move through a wide range of habitat types, especially for larger fish. 
 
 
6.5 Conclusions 
 
This chapter provides little evidence consistent with a positive effect of reserve 
protection in the TMR for blue cod in terms of increased density in reserve areas, while 
differences in fish length (i.e., larger fish inside reserve compared to fished areas) may 
indicate increased survival in reserve areas.  
  Also, the present study provided direct evidence of high site fidelity of blue cod in 
both reserve and fished areas, with the majority of individuals moving short distances 
over a period of approximately 20 months. However, I confirmed the potential of the 
species to travel long distances, suggesting possible spillover of the species from 
reserved to fished areas. These findings suggest that, in the future, blue cod is likely to 
largely benefit due to the protection in the TMR and further increased in density and 
length may be expected. 
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This investigation advances our understanding of the impacts of marine reserves (MRs) 
on both the communities they protect and the adjacent non-protected areas. The 
evidence presented here adds to a growing body of literature that suggests that MRs 
have a positive effect on the species they protect. Specifically, the present study makes 
the following contributions: (1) chapter two summarized and quantified the effects of 
protection provided by New Zealand MRs on two widely distributed and heavily fished 
species, describing the effects of MR age and size on the response to protection. Also, it 
described the advantages of the use of the RR meta-analysis as an alternative to Hedges’ 
g statistic, (2) chapter three provided evidence of the effect of MRs derived from an 
unique set of long-term time series of data revealing that target and non-target species 
and also species with different mobility rates can benefit from MR protection, (3) 
chapters three and four highlighted the importance of using different survey 
methodologies for the evaluation of the effect of MRs on reef fish species in order to 
detect a wide of variety of species and avoid overestimation of the effects of MRs, (4) 
chapter five provided evidence supporting the occurrence of spillover from MRs for 
both vagile species and species with moderate mobility, and (5) chapter six provided 
direct evidence of high site fidelity of blue cod in both reserve and fished areas, but in 
contrast to other studies confirmed the potential of the species to travel long distances, 
suggesting possible spillover of the species from reserved to fished areas. 
 In this chapter, I will discuss the evidence presented in chapters two to six in order to 
contextualize the results of the present study. 
 
 
7.1 Direct effects of MRs on target and non-target species 
 
MRs in different parts of the world are set up and managed for different purposes (e.g., 
fisheries enhancement, biodiversity protection, and scientific research), and potentially 
constitute a powerful tool for counteracting the harmful effects of fishing (Ballantine & 
Langlois 2008). Recent syntheses of data from many reserves at a variety of locations 
around the world have shown positive direct effects of protection for a variety of marine 
species and communities i.e., higher density, biomass, body length and species diversity 
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inside marine reserves than in nearby fished sites (e.g., Claudet et al. 2008, Lester et al. 
2009, Molloy et al. 2009, Guarderas et al. 2011, Fenberg et al. 2012).  
 The evidence provided in the present study adds to a growing body of evidence that 
suggests that heavily targetted species respond positively to protection provided by 
MRs. For example, evidence of a positive effect of MRs in the density and length of 
blue cod and rock lobster in many NZ MRs was found in chapter two. Furthermore, in 
chapter three and five, early changes in density and length were evident in the area 
protected by the TMR for several fish species targetted by the commercial and 
recreational fisheries in the study area, or both. Blue cod was one of the fish species that 
showed a greater positive response in the TMR. Due to the high levels of fishing 
pressure that blue cod experience in many locations around New Zealand and the life-
history characteristics of the species (i.e., blue cod tends to be resident to a specific 
home area), the species is considered to be susceptible to local depletion. Indeed, blue 
cod fishing was banned in the Marlborough Sounds area from October 2008 to April 
2011 due to concerns about the sustainability of the species in the area. As a highly 
targetted species, blue cod is expected to recover (i.e., increase in density and length) 
inside MRs. In this context my finding are not surprising.  
 My results also indicated that MRs are having positive effects on the density and 
length of several other fish species, including non-target species The effects of MRs on 
non-target species have not been the focus of monitoring surveys and not too much 
evidence is available to allow comparisons. However, it has been established that 
reserve effects are not restricted to the recovery of target species alone and the recovery 
of keystone species may influence the abundance of other species in the reserve (e.g., 
Castilla 1999, Babcock 2003, Shears & Babcock 2003, Babcock et al. 2010). In the 
present study, the evidence found in chapter three and five suggests that the TMR is 
having a positive effect in the density and length of spotty, a non-target species. Spotty 
is one of the most abundant species in the area of study (TMR and adjacent fishing 
grounds) and given their abundance and widespread distributions they are likely to have 
an ecologically important role in the community (Pande & Gardner 2008). Indeed, the 
recovery of such species may have considerable influence on the abundance of other 
species in the reserve (indirect effects) (e.g., Castilla 1999, Babcock 2003, Shears & 
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Babcock 2003, Guarderas et al. 2011). Therefore, monitoring of non-target species leads 
to a more reasonable estimation of community-wide effects of protection (Guarderas et 
al. 2011). The present study indicate that changes in density of non-target species are 
expected and should be monitored. 
 In this context, it is important to bear in mind that different sampling methodologies 
may be adequate for monitoring different species. The present study highlight the 
importance of the use of different methodologies for the detection of the effects of MRs 
protection on a variety of species. In this context, the use of the BUV methodology 
represents an advantage as this methodology has been described to be the most effective 
survey methodology for the detection of large predatory species and also a good method 
to detect differences between reserve and fished areas. In this context, even though this 
methodology allows the acquisition of more accurate estimates of abundance for some 
species compared to other methodologies (i.e., UVC), the UVC methodology may be 
able to detect a wider range of species. In light of the results reposted in the present 
study, I suggest that a combination of methodologies should be used in those monitoring 
surveys that are focused in a assemblage of fish species.  
 Also, in terms of the analyses performed in the present study, these results highlight 
the importance of the use of different statistical approaches to detect change in protected 
areas. The present study revealed differences in the power to detect change between the 
approaches used. For example, in chapter three, the effect size analysis (descriptive 
approach) revealed a positive effect of MRs protection on the abundance of several fish 
species in the area protected by the TMR, while these changes were too small to be 
detected by the statistical tests performed (i.e., p< 0.05). In this context, some authors 
have suggested that the focus of assessment studies should be on the magnitude of 
effects and their uncertainty, and scientists should care less about whether there is a 
demonstrable (but possibly tiny) effect of the response (e.g., Stewart-Oaten 1996a, 
Osenberg et al. 2006). An inferential test may be statistically significant (i.e., unlikely to 
have occurred by chance), but this does not necessarily indicate how large the effect is 
while effect size does (Gupta 2012). In the present study the detection of differences 
between protected and fished sites through the analysis of effect sizes may indicate a 
positive response to protection but as previously suggested, the response may not be 
large enough to be detected with the statistical analysis performed.  
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 It is important to notice that both the type of methodology used to sample different 
species and the analyses used to evaluate the any differences in the variables assessed 
may be carefully chosen not only in studies monitoring the effects of MRs but also in 
other areas of marine science. In this context, this investigation provides new tools that 
could be applied in several areas of marine science. 
 
 
7.2 MR effects related to species characteristics 
 
 Many theoretical and empirical studies have investigated how fish movement affects 
the success of the reserve in terms of the likelihood of persistence of fish inside the 
reserve. Many theoretical studies have suggested that highly mobile species may not 
respond positively to reserve protection or they would need larger reserves to show a 
positive response because they will protect more mobile species (Botsford et al. 2003; 
Hastings & Botsford 2003). However, empirical studies have not supported this 
suggestion (Halpern 2003, Guidetti & Sala 2007, Côté et al. 2001, Díaz-Guisado et al. 
2012 but see Gell & Roberts 2003a). Indeed, increasing evidence suggests that marine 
reserves can also benefit these highly mobile species (Willis et al. 2003a, Micheli et al. 
2004, Claudet et al. 2010, Koldewey et al. 2010). For example, Micheli et al. (2004) 
suggested that because highly mobile species are often also the most heavily exploited, 
they may receive some benefit even from small marine reserves, although the 
probability of adequate protection increases with increasing reserve size.  
 My results suggested that the effects of the TMR can be detected in species of 
different mobility categories. My results indicated that blue moki was the only highly 
mobile species showing a positive response to reserve protection but other highly mobile 
fish species like tarakihi and trevally were only detected in very low densities in the area 
and not in all sampling occasions. Blue moki has previously shown a marked response 
to protection in other MRs in New Zealand (NZ) probably due to the fact that this 
species is heavily fished in many parts of the country. My results add to a body of 
evidence, mainly empirical, suggesting that mobile species can benefit from MRs. Also, 
sedentary species shown signs of recovery inside the TMR (e.g, spotty) and blue cod, a 
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species usually described to be sedentary but that according to the results of tagging 
study performed in chapter six was classified in the present study as a species with 
moderate mobility, was one of the fish species that showed a greater positive response in 
the TMR. 
 
 
7.3 Effects of MR age and size in the response of targetted species 
 
Contrasting evidence on the effect of MR age and size on the response to protection 
have been continuously reported in the literature. For example, while theoretical studies 
suggest that large reserves should be more effective for conservation purposes than 
small reserves (Botsford et al. 2003, Hastings & Botsford 2003, Roberts et al. 2003, Le 
Quesne & Codling 2009), empirical studies have reached conflicting results (e.g., 
Halpern & Warner 2002, Micheli et al. 2004, Russ & Alcala 2004, Lester et al. 2009, 
Babcock et al. 2010, Guarderas et al. 2011). Also, MR age is usually considered to be 
an important factor in MR effectiveness and even though evidence indicates that a new 
reserve results in a rapid and significant increase in average levels of density, biomass, 
and diversity within 1 to 3 yr before the response slows down or stabilises (e.g., Halpern 
& Warner 2002, Halpern 2003, Micheli et al. 2004), recent evidence of the response of 
fish populations to MR protection determined that older reserves are more effective than 
younger reserves. In chapter two, I found evidence that at a national level, the recovery 
of previously targetted species (e.g., blue cod and rock lobster) within MRs occurs 
rapidly after only a few years following reserve establishment (i.e., 1-3 yr). Also, the 
evidence reported in chapters three and five reaffirms these findings and also suggested 
that several other fish species, including target species that are not under heavy fishing 
pressure and non-target species, are experiencing early changes (i.e., after 1-4 yr since 
reserve establishment) in the area protected by the TMR (e.g., increased density and/or 
length inside reserve). As previously reported, although for many of the fish species 
included in the analysis (excluding blue cod, blue moki and butterfish) these changes 
were too small to be detected with the statistical analyses that were performed, they 
were evident when analysing the effect sizes derived from a long term time series of 
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abundance data i.e., RR analysis and delta values (BACIPS analysis). These results may 
be interpreted as an early indication of the reserve effect in the area of study. My results 
are consistent with those reported by some authors that have carried out empirical 
studies. For example, Babcock et al. (2010), combining and analysing a set of long-term 
time series of data from multiple marine reserves in both tropical and temperate reef 
habitats, found that initial detection of direct effects on target species occurred faster 
than the detection of indirect effects (5.13 ± 1.9 years vs 13.1 ± 2.0 years for direct and 
indirect effects respectively). The time of initial detection of direct effects recorded by 
Babcock et al. (2010) was similar to the time recorded in the present study. For 
example, at Maria Island, Australia, Babcock et al. (2010) found that rock lobsters 
increased in abundance after only 1 year and the same results were obtained here for 
rock lobster in at least two MRs included in the meta-analysis performed in chapter two. 
A similar pattern was reported by Babcock et al. (2010) in the coral reef ecosystems of 
Kenya, where the abundance of predatory fish increased significantly after only 1 or 2 
years. Here, in the analysis performed in chapter two, the blue cod abundance increased 
in the same period of time in at least three MRs. Also, even though Guarderas et al. 
(2011), in a meta-analysis of MRs in Latin America and the Caribbean, found that the 
response of these reserves was unaffected by MR age, they found that abundance in 
several MRs was higher in comparison to fished sites after only a few years since 
reserves establishment (i.e., <5 years). Overall, these results have reaffirmed the 
hypothesis that MR have rapid effects on the abundance and size of species targetted by 
fishing as it has been reported in several other studies (review by Babcock et al. 2010) 
 In terms of MR size, in chapter two I found evidence that MRs of all sizes can 
generate a positive change in targetted species but the response to protection scales with 
reserve size. The TMR protects 854 ha of coastal waters and among the existing MRs in 
NZ (excluding the Auckland Island and Kermadec MRs), the TMR is larger than some 
of the reserves where an effect on target species has been detected for several species, 
e.g., Long Island Kokomohua MR, Cape Rodney- Okakari Point MR and Kapiti MR 
(the portion of the reserve that have been the focus of the monitoring studies) 
(Department of Conservation 2014. In this context, the response to protection in the 
TMR can be expected to be as strong or strongest compared to other reserves in NZ.  
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7.4 The effect of MRs in adjacent non-protected areas 
 
In the present study, I evaluated both the indirect and direct evidence of spillover of fish 
across the boundaries of the TMR. In chapter five, gradients of fish density across 
reserve boundaries were evaluated. My findings were consistent with those reported 
elsewhere, as patterns of decreasing density were found only for target species, i.e., blue 
cod and blue moki, species that have shown signs of recovery in the area of study. 
According to the literature, gradients are expected to vary with according fish mobility 
and other factors, e.g., fishing effort distribution outside reserve.  Overall, my findings 
were consistent with the models of spillover designed by Kellner et al. (2007) as 
gradients of density inside reserves were sharper for blue cod, a species with moderate 
mobility and weaker for blue moki, a highly mobile species. Gradients outside the 
boundaries of the TMR were also consistent with the patterns reported by Kellner et al. 
(2007) according to the distribution of the fishing effort outside reserve (i.e., flat 
gradient found were fishing effort was higher near the boundaries of the reserve and 
weak gradient were fishing effort was uniform). 
 In terms of the direct evidence of spillover obtained in the present study, blue cod 
was found to exhibit high site fidelity in both reserve and fished areas. Direct 
measurement of fish mobility is critical for evaluating the ability of reserves to enhance 
surrounding fisheries through the emigration of fish from MRs (Sladek Nowlis & 
Roberts 1997, Sale et al. 2005, Goñi et al. 2006). Some studies have quantified 
movements of reef fishes across reserve boundaries but the degree to which these 
movements represent a response to protection is often difficult to assess (Goñi et al. 
2006). In the present study I measured the movement of fish into the TMR and also the 
outward movements, and even though I found that fish movements were usually 
restricted to very small areas, I confirmed the potential of the species to travel long 
distances, suggesting possible spillover of the species from reserve to fished areas. The 
present study represents a valuable contribution in terms of the detection of large-scale 
movements of blue cod, as in many other studies performed around New Zealand, long 
distance movements have been anecdotal and fish have moved much shorter distances. 
Furthermore, an symmetry in the movement of the species was detected, i.e., most of the 
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fish moved towards the west, crossing the western boundary of the reserve. This 
symmetry may contribute to the occurrence of spillover. Indeed, gradients of density 
were only detected in the western boundary. In this context, species mobility may be an 
important consideration for the design of MRs in terms of the benefits of reserves to the 
adjacent non-protected areas, as movements across the boundaries of MRs can affect the 
abundance and distribution of fishes within and outside reserves (Rakitin & Kramer 
1996, Russ & Alcala 1996, Kramer & Chapman 1999, Starr 2005, Botsford et al. 2009, 
Langebrake et al. 2011). Also, it is important to notice that the consideration of the 
patterns of movement of the species protected inside reserves may be useful for the 
design of marine reserve networks. For example, the Kapiti MR (KMR) is located in the 
west coast of the NZ North Island, approximately 30 km from Wellington, where the 
TMR is located. Results in chapter six indicate that some blue cod travelling from the 
TMR towards the west coast were found in the area surrounding the KMR. In terms of 
the benefits expected from a network of MRs, this may play an important role. For 
example, species with high mobility rates may easily found protection inside a network 
of MRs. It has been suggested that appropriately designed and managed MR networks 
can have many benefits compared with a single MR. A network may be more flexible 
with regard to the distribution of social and economic costs and benefits among various 
stakeholders and users, while still achieving fisheries management and biodiversity 
conservation objectives (Gaines et al. 2010, FAO 2012). In this context, the patterns of 
movement detected for blue cod may be an indicator of the potential of the species to 
benefit from MRs but also the potential to drive community wider benefits, i.e., social 
and economic benefits outside the reserve as spillover. Furthermore, the recovery of 
blue cod inside MRs and the occurrence of spillover from reserves  may lead to 
important changes in adjacent non -protected areas, i.e., drive wider  community 
changes. 
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7.5 Contribution to the science of marine reserves 
 
In the last few decades various attempts have been made to reform ocean management 
and balance the multiple human uses to more effectively address the impacts affecting 
the health of ecosystems (Gaines et al. 2010). In this context, MRs have gained much 
traction around the world but, considering that only a tiny fraction of the ocean has been 
set aside as marine reserves (Gaines et al. 2010, Eddy 2013), further evidence on the 
effects of MR may be needed in order to demonstrate the multiple benefits they provide. 
It is acknowledged that how users perceive the performance of Marine Protected Areas 
(including MRs) may be fundamental for the social acceptance of these zones. 
Moreover, their perceptions may be relevant for monitoring their effects on extractive 
activities (Leleu et al. 2012). It is true that many studies around the globe on the effects 
of MRs have provided evidence suggesting that the use of MRs in both fisheries 
management and conservation are positive, but they also indicate that the benefits 
provided by MRs are proportional to the level of protection and that these benefits can 
be dissipated quickly by targetted fishing: high levels of protection and resolute 
enforcement may be necessary (Roberts 2012). Therefore, due to the fact that the fishing 
industry often vigorously opposes MRs, it may be necessary to provide evidence 
supporting the hypothesis that the fishery industry has much to gain from protected 
areas. 
 In New Zealand, MRs are created under The Marine Reserves Act (1971) for the 
purposes of “preserving the marine environment in the natural state as the habitat of 
marine life for scientific study” and as it has been demonstrated here that MRs allow for 
the detection of the impacts of fishing in the ecosystem. In addition, they may act as a 
reference or baseline for what marine systems may be like and how they might function 
in the absence of disturbance produced by fisheries. In the TMR, early changes in 
several reef fish species are already evident after a few years since reserve establishment 
and the comparison between reserve and fished sites makes evident the effects of fishing 
in the areas not protected by the reserve. Further changes are expected to occur in the 
Wellington's south coast due to the effect of the TMR, and according to Eddy (2011) the 
TMR is capable of restoring the future ecosystem to a state more similar to that 
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observed during historic times. If Eddy's predictions are correct, we will be able, in a 
few more years, to detect a stronger response in those species targetted by fishing (direct 
effects). We may also be able to detect indirect effects as has occurred in other MRs in 
New Zealand, for example at Leigh (the Cape Rodney to Okakari Point MR) where 
trophic cascades affecting the abundance of sea urchins have been reported (Babcock et 
al. 2010). Certainly, the changes that have been reported in MRs around the globe, 
demonstrate that several variables can result in varying community states (i.e., varying 
community structure) in marine ecosystems . For example, some studies have shown 
that disturbance through fishing can affect resilience of such systems and even though 
marine ecosystems contain very similar components, not all respond in the same way to 
human interventions, whether these are fishing or conservation (Babcock et al. 2010). 
Babcock et al. (2005) suggested that by studying these variations and understanding the 
reasons behind them, we will increase our ability to manage not only marine reserves 
but also to implement effective ecosystem-based management in a broader context. In 
this context, obtaining adequate data may be challenging but should be crucial in order 
to provide the necessary to support reliable quantitative scientific advice for 
management and decision-making (Pelletier et al. 2008, Halpern et al. 2010). Finally, 
Babcock et al. (2010) suggested that it may take decades to observe, predict, and 
validate the full implications of marine reserves, because many of the processes we need 
to understand operate on these time scales. 
 Finally, it is important to notice that many limitations, especially regarding the 
analyses performed, were identified in the present study. In this context, most of the 
comparison between methodologies gave me the possibility to analyse such differences 
and think of a way to overcome them. Indeed, I throughout the text  I suggested some 
possible solutions that I suggest may be incorporated in future analyses. 
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INTRODUCTION
While no-take marine reserves (MRs) have become
a highly advocated form of marine conservation,
there is widespread recognition of the need to quan-
tify the conservation benefits they provide (Allison et
al. 1998, Halpern & Warner 2002, Pande et al. 2008,
Botsford et al. 2009). Because MRs in different parts
of the world are set up and managed for different
purposes (e.g. fisheries enhancement, biodiversity
protection, scientific research), the extent and direc-
tion of their biological outcomes may vary consider-
ably. However, several recent reviews that have
evaluated results from separate studies to quantify
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ABSTRACT: We quantified the biological response of 2 exploited species to marine reserve (MR) pro-
tection by comparing meta-analysis results based on response ratio (RR) and Hedges’ g statistics. To
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MR outcomes suggest that many species, especially
those that are actively targeted by fisheries, increase
in abundance and/or size inside MRs (Jones et al.
1992, Mosquera et al. 2000, Côté et al. 2001, Halpern
& Warner 2002, Halpern 2003, Lester et al. 2009,
Pande et al. 2008).
The first MR in New Zealand (NZ) was created in
1975, and as of late 2011 there are 34 no-take MRs
protecting ~7.6% of NZ’s territorial waters (New
Zealand Department of Conservation http://doc.
govt.nz/conservation/marine-and-coastal/marine-
protecteted-areas). Partially or well-established eco-
logical monitoring programmes exist in many of these
MRs. However, despite a long lead-in time for the es-
tablishment of each MR, very few baseline data sets
have been gathered to allow ‘before versus after’
comparisons. Such comparisons are a recommended
measure for any restoration activity, because by sam-
pling at one or more control sites and the impact site
both before and after the intervention, they identify
spatial and temporal variation (Osenberg et al. 1999).
Due to the lack of baseline data, historical assessments
of the efficacy of MRs are usually not possible (but see
Pande & Gardner 2009). Consequently, monitoring
typically involves the comparison of sites inside MRs
with non-MR ‘control’ sites (i.e. ‘inside versus outside’
comparisons). Although some monitoring results have
shown increases in the mean size and/or mean den -
sity of some species at MR sites compared with un -
protected sites, it is still difficult to assess the possible
conservation benefits of MRs based on individual
studies because the generality of response cannot
be determined from single MRs (Kelly et al. 2000,
Willans 2003, Pande et al. 2008, Davidson et al. 2009).
Nonetheless, the aim of the NZ government is to pro-
tect 10% of the coastal marine environment via the
establishment of Marine Protected Areas (MPAs, de-
fined here as any form of protection and not just no-
take MRs) to assure the maintenance and/or recovery
of biological diversity at the habitat and ecosystem
level. A key component of this strategy is to monitor
MPAs to assess their effectiveness at achieving bio -
diversity conservation objectives (Department of Con-
servation and Ministry of Fisheries 2005).
A variety of statistical approaches can be used to
quantify MR effects. Commonly, meta-analysis is
used to combine the results of multiple independent
studies, all of which have tested the same hypothesis.
This approach determines if enough evidence exists
in the combined studies to detect an ‘overall’ out-
come. This statistically rigorous approach moves
beyond simple ‘vote counting’ or narrative review
because it is a quantitative synthesis that allows for
objective appraisal of the evidence (Arnqvist &
Wooster 1995, Egger et al. 1997, Osenberg et al.
1999). Perhaps because of its lack of familiarity to
marine scientists or because of its statistical complex-
ity (e.g. Berman & Parker 2002), or because of the
lack of accurate error estimates in the studies being
reviewed, few meta-analyses of this type have been
conducted for MRs or MPAs. However, those that
have been conducted have reported that MRs sup-
port more and/or larger individuals of many species
than neighbouring unprotected areas (e.g. Mosquera
et al. 2000, Côté et al. 2001, Pande et al. 2008).
The most frequently employed effect-size metric in
meta-analysis (Hedges’ g) requires that variances, as
well as means, are known, but in fact this is often not
the case from published reports (Mosquera et al.
2000). From this information the magnitude and sig-
nificance of an overall effect can be calculated across
all studies. The overall effect size is calculated from
the effect size of each individual study. An important
step in this meta-analysis is the calculation of effect-
size homogeneity across all studies. If the test fails,
then the meta-analysis stops at this stage due to the
significant difference among the effects that individ-
ual MRs have on the biological index because it is
inappropriate to combine ‘heterogeneous’ data from
the separate studies (e.g. Pande et al. 2008). An alter-
native approach to Hedges’ statistic meta-analysis is
the response ratio (RR) meta-analysis that has been
used widely to describe the effects of MRs. This
method does not require knowledge of variances
because it quantifies the proportional change result-
ing from MR implementation by measuring the rela-
tive differences in a biological response (e.g. size or
density) inside versus outside the MR (Adams et al.
1997, Goldberg et al. 1999, Hedges et al. 1999, Gates
2002). While it is possible to test RRs for homogeneity
of responses analogous to the effect-size test de scribed
above (Mosquera et al. 2000), very few analyses em -
ploying RR do so.
Recent studies by Halpern & Warner (2002),
Halpern (2003), Micheli et al. (2004), Lester et al.
(2009) and Molloy et al. (2009) all calculated RRs
from multiple MRs worldwide to evaluate effects of
protection on many invertebrate and fish species.
They found consistent positive effects of MRs, sug-
gesting that MRs achieve their stated or implicit con-
servation goals. Pande et al. (2008) employed the
Hedges’ g index to assess the response of blue cod
and rock lobster to full no-take MR protection in
NZ. These authors also reported consistent positive
effects of MRs. Importantly, both forms of meta-
analysis demonstrate that marine protection can
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increase species abundance and size, particularly for
species targeted by fishers. They also demonstrate
that the response to MR protection may be indepen-
dent of MR area and age, and it is usually dependent
on the species being analysed. Despite the burgeon-
ing publication of papers that use results from multi-
ple studies to test hypotheses about biological
change resulting from marine protection, there is
presently no standard statistical approach for such
studies. Having previously conducted a Hedges’
 statistic meta-analysis (Pande et al. 2008), we were
keen to address this point.
The aim of the present study was twofold: (1) to
compare the efficacy of the commonly used RR
analysis against the less commonly used meta-analy-
sis based on Hedges’ g to determine ease of use and
comparability of results (compared to Pande et al.
2008); and (2) to quantify, using the RR analysis, the
biological response of 2 heavily exploited species to
MR protection along a north–south latitudinal gradi-
ent of ~11 degrees (~1250 km) in New Zealand.
METHODS
Our analyses combined published and unpub-
lished data from 13 New Zealand MRs (Fig. 1), each
of which was sampled at different times over a maxi-
mum time period of ~30 yr (Table 1). We selected 2
widely distributed species in New Zealand for this
analysis; blue cod Parapercis colias and rock lobster
Jasus edwardsii. Both species are heavily exploited
and have been monitored in a number of MRs. Com-
parable data for other NZ species do not exist. For
both species, we extracted density (no. ind. m−2) and
size (cm) data from studies using only an Underwater
Visual Census methodology (McCormick & Choat
1987). The blue cod analysis used data from 8 MRs,
including 20 separate studies (density: 8 MRs; size: 5
MRs). The rock lobster analysis used data from 13
MRs, including 24 separate studies (density: 13 MRs;
size: 12 MRs): see Table 1 for details. All studies
included measurements from inside MRs and from at
least one control (fished) area outside the same
reserve and in close proximity to it. This is the same
data set used by Pande et al. (2008) for their Hedges’ g
meta-analysis but with the addition of new survey
periods and new sites (blue cod: 8 versus 5 MRs; rock
lobster: 13 versus 10 MRs). All original studies in -
cluded in our analyses were specifically conducted
for the purposes of monitoring either blue cod or rock
lobsters, and as such all were conducted in habitat
appropriate for each taxon. We note that in an ideal
world the MR sites will be the same in all respects as
the nearby control sites. However, we also note that
spillover from the MR into the control region may
actually reduce the chance of seeing a significant dif-
ference between the MR(s) and the control(s). Thus,
analyses of this type may tend to be conservative.
However, the spillover effect may be counteracted by
other factors, such as increased fishing effort in the
control region (i.e. displacement of fishing activity
from the MR to regions just outside). Thus, the
spillover effect and the displaced fishing effort may
balance out. Because of the absence of knowledge
about site-specific spillover and displaced fishing
activity, analytical consideration of such matters is
not possible in any meta-analysis. While the number
of sites surveyed, the duration (total no. of yr) of each
study, and the timing of surveys all varied among
studies, all studies were given equal weight in our
analyses because there was no a priori reason to pro-
vide greater weight to any one study or group of
studies than to the rest.
Consistent with their use elsewhere (e.g. Halpern
& Warner 2002, Halpern 2003, Lester et al. 2009),
response ratios (RRs) were calculated by dividing
values of mean density or mean size inside the
reserve by values from control sites. RRs >1 indicate
individuals are bigger or more abundant inside
reserves relative to control sites. RRs are site-specific
and therefore reflect local conditions. For example,
where increased growth rates of blue cod in colder
waters may be expected, this will be true of the cold-
water MR site and its neighbouring fished site. Thus,
the RR calculated for this site may be compared
directly with the RR calculated from a northern,
warm water site because both tell us about the mag-
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nitude of the local response. However, the RR values
do not provide information about actual fish size or
density inside versus outside the MR, or about actual
fish size or density when comparing between cold
and warm sites. From this survey data, with associ-
ated RR values for each year of each survey, we gen-
erated 2 separate data sets for statistical analysis, as
described below.
First, for all data sets (blue cod size and density,
rock lobster size and density) we identified the single
most recent survey regardless of its date (and its
associated RR value) per site. We call this the RRrecent
data set because it contains a single value per marine
reserve based on only the most recent survey. This
approach gives no weighting or consideration to ear-
lier survey data—that is, the history of change is not
considered—with the result that the data set may be
strongly influenced by one unusual data point for any
one MR.
Second, for all data sets individual RR values were
calculated for each year of each survey for each MR.
The strength of this approach is that individual MRs
contributed many year-specific data points reflecting
their history of change. The weakness is that such
data points are not independent in a statistical sense.
Non-independence of data in meta-analyses may be
a problem (e.g. Mosquera et al. 2000, Gates 2002,
Pande et al. 2008), and for this approach many of the
points within this data set are not independent.
Nonetheless, this approach is informative and we
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Marine reserve Reserve Year of Age of reserve Data sets used in blue cod Data sets used in rock lobster
area (ha) establishment at time of response ratios analysis; response ratios analysis;
study (yr)a years of study years of study
Cape Rodney to 518 1975 10–29 Taylor et al. (2003); MacDiarmid & Breen (1993); 1992
Okakari Point 2002−2003 A. MacDiarmid unpubl. data; 1995
Babcock et al. (1999); 1995
S. Kelly unpubl. data; 1995−2002
Haggitt & Kelly (2004); 2003−2004
Poor Knights Islands 2400 1981 4 A. MacDiarmid unpubl. data; 1985
Kapiti Island 2167 1992 0−11 Battershill et al. (1993); 1992 Stewart & MacDiarmid (2003);
Pande (2001); 1998−2000 1999−2000
Stewart & MacDiarmid (2003);
1999−2000
Struthers (2004); 2003
Mayor Island (Tuhua) 1060 1992 4 S. Kelly unpubl. data; 1996
Te Whanganui A Hei 840 1992 4−9 S. Kelly unpubl. data; 1996−2001
(Cathedral Cove,
Hahei)
Te Awaatu Channel 93 1993 6−10 S. Kelly unpubl. data; 1999
(The Gut) Smith (2001); 2001
Willans (2003); 2003
Piopiotahi 690 1993 7–10 Munn (2000); 2000
Smith (2002); 2002
Long Island- 619 1993 −1−11 Davidson (2001a); 1992−1997 Davidson (2004); 1992−2003
Kokomohua Davidson (2004); 1998–2003
R. Cole unpubl. data; 2001
Davidson et al. (2007); 2004
Tonga Island 1835 1993 0−14 Davidson (1999); 1993−1994 Davidson et al. (2002); 1998−2000
Davidson (2001b); 1999 Davidson et al. (2007); 2002−2007
Davidson et al. (2007); 2000−2007
R. Cole unpubl. data; 2001
Te Angiangi 446 1997 −2−8 Freeman & Duffy (2003); 1995−2003 Freeman (2008); 1995−1998
Department of Conservation unpubl. Freeman (2008); 1999−2005
data; 2004−2005
Pohatu (Flea Bay) 215 1999 1−3 Davidson et al. (2001); 2000 Davidson et al. (2001); 2000
Davidson & Abel (2002); 2002 Davidson & Abel (2002); 2002
Te Tapuwae o 2452 1999 1−6 Freeman (2001); 2000 Freeman (2008); 2000
Rongokako Freeman (2005); 2001−2004 Freeman (2008); 2004−2005
Horoirangi 904 2006 0 Davidson (2006); 2006 Davidson (2006); 2006
aNegative age of reserve at time of study (yr) implies that data were collected before time of establishment of the MR in question
Table 1. Marine reserve variables (area, year of establishment, age) and species-specific data sets used in the analysis
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employ it here to better understand the responses of
blue cod and rock lobster to protection and the effect
of MR age and size on these species. We call this
approach RRmax because it provides the maximum
number of data points per analysis. For only the
RRmax analyses we separated the MRs into 2 groups
to test specific patterns, where size of the data set
permitted. Based on area we recognised small and
large MRs (≤ or >1000 ha), whilst based on age we
recognised young and old reserves (≤ or >10 yr).
While these distinctions are somewhat arbitrary
there is some theoretical underpinning to support
these cut off points in terms of the average area and
age of NZ MRs, the rate of biological response
recorded from various regions, and the life history
characteristics of the species in question (Halpern &
Warner 2002, Halpern 2003, Micheli et al. 2004,
Pande et al. 2008, Lester et al. 2009, Molloy et al.
2009). Importantly the divisions at 10 yr and 1000 ha
allow for sufficient data points for analysis of young
versus old and small versus large data sets, and min-
imise the bias caused by having data from only 1 or 2
older (larger) and well monitored MRs.
The 2 RR indices are appropriate for answering dif-
ferent questions and their applicability depends on
the type of data available. RRrecent is appropriate for
assessment of overall reserve effect, whereas RRmax is
appropriate for assessment of temporal changes
within reserves. Because we are interested in both
aspects (overall reserve effect on blue cod and rock
lobsters and temporal change), we employ both
indices here.
Following Mosquera et al. (2000), we tested to
determine if all biological responses were homoge-
neous using the homogeneity statistic of Hedges &
Olkin (1985). In all instances, the test statistic was
non-significant (p > 0.05), indicating that each data
set was homogeneous, and that no single MR had an
undue effect.
To evaluate the effects of MR area and age on
biological response for both data sets, RR values
were plotted against MR area (ha) and age (yr)
(Table 1). Linear and non-linear functions were
 fitted to species-specific plots to determine the
best fits based on correlation coefficient values
(SlideWrite Plus v.3, Advanced Graphics). This
approach permits the identification of the best-fit
relationship without a priori knowledge of the tra-
jectory of the relationship being examined, or with-
out imposing assumptions about the nature of the
response. We used this approach as an exploratory
tool to see if a pattern exists within our data that
may help us to better understand the generalised
trajectory of response for the 2 different species. As
a third and final approach to better understand the
relationships between RR and MR age and MR area
for both data sets, we employed the Spearman’s
rank correlation analysis (1-tailed tests) to test the
statistical basis of the linear relationship between
RR and MR area and age. We employed this analy-
sis because it is a non-parametric (rank) test of a lin-
ear relationship with minimal assumptions about
data distribution. This analysis was conducted using
the Statistica software (v7.1 StatSoft Software). In all
cases where fitted lines/curves were highly lever-
aged by a single point, we removed that point from
the data set and re-fitted the line/curve to re-test for
significance. Finally, to compare directly between
the RR and Hedges’ approaches, we plotted RRrecent
against Hedges’ g for all comparisons where such
data exist. We used Pearson’s correlation coefficient
to test for a linear relationship between the 2 differ-
ent indices.
RESULTS
In most instances the values for both RR indices for
both species were >1.0, indicating greater mean size
or density inside the MR than outside (RRrecent: Fig. 2;
RRmax: Fig. 3). Spearman’s rank correlation analyses
are presented as rank–rank plots. Because of the dif-
ferent number of data points per analysis (see
degrees of freedom columns, Tables 2 & 3) the 2 RR
indices have different powers to detect significance.
RRrecent analyses for blue cod
The relationship between blue cod density and MR
age was statistically significant (Fig. 2B, Table 2) for
all 3 tests. The best fit was observed for the non-
 linear model, but the 2 linear models both had R val-
ues similar to that reported for the non-linear model.
Removal of one outlier (data point at 28 yr) removed
the significant nature of the relationship for both the
parametric and non-parametric linear fits, but
increased the significance of the non-linear fit. All
other analyses of RRrecent were not statistically signif-
icant (Table 2).
RRmax analyses for blue cod
There was a statistically significant positive rela-
tionship between MR age and the density (Fig. 3B)
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Fig. 2. Best-fit relationship for the scatter plot of response ratio values (RRrecent) as a function of marine reserve (MR) area and
MR age. RRrecent is calculated from the single most recent survey, regardless of how many previous surveys have been con-
ducted, at any one site. (A) Blue cod density as a function MR area (p > 0.05) and (B) age (p < 0.05). (C) Rock lobster density
as a function of MR area (p > 0.05) and (D) age (p < 0.05). (E) Blue cod size as a function of MR area (p > 0.05) and (F) MR age 
(p > 0.05).(G) Rock lobster size as a function of MR area (p > 0.05) and (H) age (p > 0.05)
Diaz Guisado et al.: Comparison of methods to quantify marine reserve effects 191
Fig. 3. Best-fit relationship for the scatter plot of response ratio values (RRmax) as a function of marine reserve (MR) area and
MR age. RRmax is calculated as an average value across all surveys that have been conducted for any one site. (A) Blue cod
density as a function of MR area (p > 0.05) and (B) MR age (p < 0.001). (C) Rock lobster density as a function of MR area (p >
0.05) and (D) MR age (p < 0.001). (E) Blue cod size as a function of MR area (p > 0.05) and (F) MR age (p < 0.01). (G) Rock 
lobster size as a function of MR area (p > 0.05) and (H) MR age (p < 0.01)
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and size (Fig. 3F) of blue cod (Table 3). In both cases
there was no difference (to 3 decimal places) be -
tween the correlation coefficients for the linear and
non-linear (exponential) relationships. MR area did
not explain variation in RRs for either the density or
size of blue cod in any of the 3 separate analyses
(Figs. 3 & 4, Table 3). Because of small sample sizes,
we were unable to test the blue cod data for the effect
of MR age young (≤10 yr) versus old (>10 yr).
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Index (RRrecent)                                         df Best-fit relationship analyses       Spearman’s rank
(Figure reference)                                       Linear model Non-linear model correlation results
                                                                                        R                 p                       R                 p                       R                 p
BC density vs. MR area (Fig. 2A)          5               −0.079           ns                −0.033            ns                   0.107            ns
BC density vs. MR age (Fig. 2B)           5                 0.813         <0.05               0.822         <0.05                 0.811         <0.05
                                                                4a               0.722           ns                   0.980        <0.001               0.754            ns
BC size vs. MR area (Fig. 2E)                2               −0.363           ns                −0.813            ns                 −0.400            ns
BC size vs. MR age (Fig. 2F)                 2                 0.045           ns                   0.616            ns                   0.200            ns
RL density vs. MR area (Fig. 2C)           10               −0.264           ns                −0.315            ns                 −0.315            ns
RL density vs. MR age (Fig. 2D)           10                 0.900       <0.001               0.910        <0.001               0.787         <0.05
                                                                9a               0.543           ns                   0.548            ns                   0.693         <0.05
RL size vs. MR area (Fig. 2G)                9               −0.0268         ns               <0.001            ns                   0.0636          ns
RL size vs. MR age (Fig. 2H)                 9               −0.289           ns                −0.353            ns                 −0.050            ns
                                                                8a             −0.552           ns                −0.871         <0.01                 0.031            ns
aOne data point has been dropped from the analysis because it appeared to have undue influence
Table 2. Test results (linear and non-linear functions plus Spearman’s rank correlation analysis) for the response ratio (RRrecent;
see Fig. 2) for blue cod (BC) and rock lobster (RL) density and size with respect to marine reserve (MR) area and age. Bold
values are significant at p < 0.05; ns: not significant
Index (RRmax)                                           df Best-fit relationship analyses       Spearman’s rank
(Figure reference)                                       Linear model Non-linear model correlation results
                                                                                        R                 p                       R                 p                       R                 p
BC density vs. MR area (Fig. 3A)          47                 0.123           ns                   0.221            ns                   0.106            ns
MR area, small reserves (Fig. 4A)       23                 0.179           ns                   0.318            ns                   0.258            ns
MR area, large reserves (Fig. 4F)       22               −0.163           ns              <−0.001            ns                   0.079            ns
MR age (Fig. 3B)                                   47                 0.487       <0.001               0.487        <0.001               0.351         <0.02
BC size vs. MR area (Fig. 3E)                16            <−0.001           ns                −0.077            ns                 −0.345            ns
MR age (Fig. 3F)                                   16                 0.617         <0.01               0.617         <0.01                 0.564         <0.02
RL density vs. MR area (Fig. 3C)           48               −0.167           ns                −0.167            ns                 −0.055            ns
MR area, small reserves (Fig. 4B)       34                 0.191           ns                   0.191            ns                   0.231            ns
MR area, large reserves (Fig. 4G)       12                 0.033           ns                −0.206            ns                 −0.064            ns
MR age (Fig. 3D)                                   48                 0.412         <0.01               0.434         <0.01                 0.665        <0.001
MR age, young reserves (Fig. 4C)       37                 0.490         0.001               0.500        <0.001               0.693         <0.05
MR age, old reserves (Fig. 4H)           9                 0.653         <0.05               0.883        <0.001               0.798         <0.01
RL size vs. MR area (Fig. 3G)                42                 0.086           ns               <0.001            ns                   0.162            ns
MR area, small reserves (Fig. 4D)       30                 0.199           ns                   0.247            ns                   0.282            ns
MR area, large reserves (Fig. 4I)         10                 0.302           ns                   0.369            ns                   0.291            ns
MR age (Fig. 3H)                                  42                 0.084           ns               <0.001            ns                   0.414         <0.01
MR age, young reserves (Fig. 4E)       32                 0.444         <0.02               0.466         <0.01                 0.549        <0.001
MR age, old reserves (Fig. 4J)             8                 0.312           ns                   0.316            ns                 −0.129            ns
Table 3. Test results (linear and non-linear functions plus Spearman’s rank correlation analysis) for the response ratio (RRmax;
see Fig. 3) of blue cod (BC) and rock lobster (RL) density and size with respect to marine reserve (MR) area (small [≤1000 ha]
and large [>1000 ha]) and age (young [≤10 yr] and old [>10 yr]). Bold values are significant at p < 0.05; ns: not significant
Fig. 4. Best-fit relationship for the scatter plot of response ratio
values (RRmax, see Fig. 3) as a function of marine reserve (MR)
area for small and large reserves and as a function of MR age
for young and old reserves (see Table 3). (A) Blue cod density
as a function of MR area for small (p > 0.05) and (F) large re-
serves (p > 0.05). (B) Rock lobster density as a function of MR
area for small (p > 0.05) and (G) large reserves (p > 0.05). (C)
Rock lobster density as a function of MR age for young (p <
0.001) and (H) old reserves (p < 0.001). (D) Rock lobster size as
a function of MR area for small (p > 0.05) and (I) large reserves
(p > 0.05). (E) Rock lobster size as a function of MR age for 
young (p < 0.001) and (J) old reserves (p > 0.05)
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RRrecent analyses for rock lobster
Statistically significant results for all 3 analyses
were observed for rock lobster density and MR age
(Fig. 2D, Table 3). The best fit was for the non-linear
model, but the linear parametric model had only a
slightly lower R value. Dropping one outlier from this
analysis resulted in only the Spearman’s rank corre-
lation being statistically significant. The only other
statistically significant model was the non-linear fit
for rock lobster size and MR age: this relationship
was negative and only significant after an outlier had
been dropped (Fig. 2H, Table 3).
RRmax analyses for rock lobster
There was a statistically significant positive rela-
tionship between MR age and rock lobster density
(best fit = linear rank relationship; Fig. 3D) and
between MR age and rock lobster size (best fit = lin-
ear rank relationship; Fig. 3H, Table 3). In young
MRs, the best fit was a linear rank relationship with
rock lobster density (Fig. 4C), whereas in old MRs the
best fit was an exponential relationship with density
(Fig. 4H). For rock lobster size, the best fit relation-
ship with MR age among young reserves was a linear
rank relationship (Fig. 4E), whilst the relationship
between MR age and rock lobster size for old
reserves was not significant (Fig. 4J, Table 3). MR
area did not explain variation in rock lobster size or
density estimates inside versus outside the reserves
in any of the analyses (Figs. 3 & 4, Table 3).
Comparison of RRrecent versus Hedges’ g statistics
Plots of Hedges’ g statistic as a function of RRrecent
revealed no obvious linear relationship for the blue
cod density data set (n = 5, p = 0.489, Fig. 5a) or for the
rock lobster size data set (n = 8, p = 0.069, Fig. 5d), but
did reveal significant linear relationships for the blue
cod size data set (n = 4, p = 0.048, Fig. 5b) and for the
rock lobster density data set (n = 10, p = 0.043, Fig. 5c).
When all the data was pooled and plotted, we ob-
served a non-statistically significant positive relation-
ship (n = 27, p = 0.206, Fig. 6a) that was heavily influ-
enced by a single point. When we removed this point
(for rock lobster density from the Cape Rodney to
Okakari Point MR) we observed a non-statistically
significant negative relationship (n = 26, p = 0.212,
Fig. 6b) between RRrecent and Hedges’ g statistic.
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Fig. 5. Species-specific relationships between response ratio values (RRrecent, see Fig. 2) and Hedges’ g statistic for (A) blue cod
density data (n = 5), (B) blue cod size data (n = 4), (C) rock lobster density (n = 10), and (D) rock lobster size data (n = 8)
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DISCUSSION
The main intention of the present study is to com-
pare the RR approach with the Hedges’ statistic
meta-analysis approach to quantifying biological
responses in marine reserves using NZ examples. In
addition, we are interested in determining how MR
age and area affect the biological responses of these
2 targeted species. To do this, we highlight the novel
findings from this RR analysis and contrast these with
the findings from the Hedges’ g meta-analysis
(Pande et al. 2008).
Effects of MRs on the density and size of individuals
As expected, our results indicate positive effects of
MRs on the density and size of both blue cod and
rock lobster. We obtained RR values >1 for almost all
MRs used in the analysis (the 4 exceptions were
Pohatu, Horoirangi, Poor Knights Islands, and Mayor
Island). For these reserves, we had little data (only 1
or 2 yr), or data only existed for 1 yr after reserve
establishment. In contrast, all the RRs calculated for
Cape Rodney to Okakari Point MR (the oldest MR in
New Zealand) were >1. Data for this reserve in -
cluded several studies performed by different inves-
tigators from 10 to 29 yr after establishment. Based
on the RR values, the biological responses that we
observed for both species were greater for density
than for size, and were generally, but not consis-
tently, greater for rock lobster than for blue cod.
Overall, and consistent with other studies (e.g. Mos-
quera et al. 2000, Côté et al. 2001, Halpern & Warner
2002, Halpern 2003, Pande et al. 2008, Lester et al.
2009), our results demonstrate that MRs produce pos-
itive increases in the density and size of species that
are heavily targeted for recreational, customary,
and/or commercial harvesting.
Effect of MR area on biological response
Previous studies indicate that MR area may not al-
ways influence the biological response to MR protec-
tion (e.g. Côté et al. 2001, Halpern & Warner 2002,
Halpern 2003, Guidetti & Sala 2007, Pande et al. 2008,
but see Claudet et al. 2008 for counter example). The-
oretical studies suggest that larger MRs should be
more effective than smaller MRs, mainly because
larger reserves allow more mobile species with wide
home ranges to remain protected inside reserves. This
is because larger MRs tend to have increased area to
boundary ratios and because they may also increase
self-recruitment by protecting areas of settlement for
larvae produced inside reserves (Botsford et al. 2003,
Hastings & Botsford 2003, Roberts et al. 2003). Despite
this, most evidence demonstrates that when a MR is
established the biological response is rapid and
occurs independently of MR area (Halpern & Warner
2002, Halpern 2003, Micheli et al. 2004), at least over
the range of MR sizes and species so far considered
(e.g. see Cole et al. 1990).
All of our analyses revealed no effect of MR area on
the density or size of blue cod and rock lobster across
a wide range of MR sizes (for blue cod MR size range
was 215 to 2452 ha, mean size = 1144.5 ha; for rock
lobster MR size range was 93 to 2452 ha, mean size =
1095.3 ha). These results indicate that biological
response is independent of MR area and suggest that
small reserves function as well as large reserves for
these species. While it is encouraging from a conser-
vation perspective to think that small reserves can
produce meaningful conservation outcomes (at least
for some species), the apparent absence of a relation-
ship between biological response and MR area is
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Fig. 6. Hedges’ g statistic as a function of response ratio
 values (RRrecent, see Fig. 2) for (A) all data (n = 27) and (B)
all data with a single heavily weighted point for rock lob-
ster density at the Cape Rodney to Okakari Point Marine 
Reserve removed (n = 26)
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notable given the importance of habitat area in other
studies (e.g. Claudet et al. 2008) and the fact that the-
oretical studies indicate that large MRs should be
more effective for conservation than small MRs (e.g.
Botsford et al. 2003, Hastings & Botsford 2003,
Roberts et al. 2003). Our result is surprising given
that species such as blue cod and rock lobster are not
highly vagile, although they do display some move-
ment ability (Davidson 2001a, Kelly 2001, Kelly &
MacDiarmid 2003, Struthers 2004). As such they are
expected to benefit from MR protection, and larger
areas are, on average, expected to protect more indi-
viduals (Pande et al. 2008, Pande & Gardner 2009).
The result may be explained by features or proper-
ties that are specific to each MR. For example, the
effect of protection in each individual reserve may be
determined by many local factors other than just the
area (size) of the reserve. These may include reserve
location, site-specific coastal oceanography, physical
complexity and habitat quality, and extent and distri-
bution (Freeman et al. 2009). The latter 2 factors are
very difficult to evaluate and are likely to be inde-
pendent of reserve area, but nonetheless are ex -
pected to contribute substantially to the biological
responses observed in each MR (Halpern & Warner
2003, Guidetti & Sala 2007). Finally, we note that
enforcement (policing of the no-take areas) has been
identified as being a key factor contributing to MR
success (e.g. Samoilys et al. 2007). Because no data
exist about levels of illegal extractive use or about
enforcement differences across the MRs studied
here, we are not in a position to know if or how this
factor may have contributed to our study. However,
based on anecdotal information from the NZ Depart-
ment of Conservation and our own experience, we do
not believe that differences in enforcement explain
the results that we report here.
Effect of MR age on biological response
All analyses revealed the importance of MR age as
a factor explaining positive biological responses.
Reserve age is usually considered to be an important
factor in MR effectiveness, because the response of
individuals to protection is thought to depend upon
the relationship between life-history traits of the
 species protected and the duration of protection
(Guidetti & Sala 2007, Molloy et al. 2009). Increases
in size and/or density of target species may be
expected for a number of different reasons, including
increased protection (no extractive use), increased
recruitment to the MR itself (recruitment to the MR of
offspring derived from adults in the MR or recruit-
ment to the MR from outside the MR), decreased nat-
ural mortality of the target species inside the MR as a
consequence of ecosystem changes arising from pro-
tection, and the mobility of the species in question.
Perhaps not surprisingly, different species react to
MR status in different ways and at different rates. For
example, decadal-scale indirect effects on taxa that
occur as a consequence of cascading trophic inter -
actions take longer to develop than direct effects on
target species (Babcock et al. 2010).
Evidence indicates that a new reserve results in a
rapid and significant increase in average levels of
density, biomass, and diversity within 1 to 3 yr before
the response slows down or stabilises (e.g. Halpern &
Warner 2002, Halpern 2003, Micheli et al. 2004).
However, a recent meta-analysis of the response of
fish populations to MR protection determined that
older reserves (>15 yr) are more effective than
younger reserves (≤15 yr) at increasing fish densities,
indicating that MR age is an important factor
explaining biological response (Molloy et al. 2009).
Our results demonstrate that MR age has a strong
positive effect on the biological responses of blue cod
and rock lobster. For the RRrecent analyses we ob -
served a strong positive effect of MR age on blue cod
and rock lobster density but not size, despite the fact
that most RR values for size for both species were
>1.0, indicating larger individuals exist inside versus
outside the MR. For the RRmax approach, our results
demonstrate that MR age has a strong positive effect
on the density and size of blue cod and the density of
rock lobster. We found evidence of significant posi-
tive relationships for all analyses except for that
between rock lobster size and old (>10 yr) reserves.
The findings indicate that both species respond
rapidly to protection, with RR values >1 being re -
corded in the first few years after MR designation,
consistent with estimates of species-specific growth
rates and also density-dependent responses (e.g. Cole
et al. 2000, Davidson 2001a, Davidson et al. 2002,
Freeman 2008 and references therein). When ana -
lysed as a function of time, the best-fit response in
all cases was linear. The association between rock
 lobster density and MR age for young reserves was
best described by a linear relationship, whereas
that for old reserves was best described by a  non-
linear relationship (despite a small sample size for
this latter analysis we observed p < 0.001). This
 difference in age-dependent response may reflect
density-dependent factors, as rock lobsters increase
in density towards site-specific carrying capacity.
The association between rock lobster size and MR
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age for young reserves was linear and strongly posi-
tive, but was not significant among the old reserves.
These results suggest that rock lobster size can re -
spond rapidly and positively after MRs are de clared,
but after ~10 yr the response becomes independent
of MR age. This may reflect the biological ability
of rock lobsters to grow to larger sizes as a rapid
response to MR protection, but after 10 yr such a
response is no longer possible because a growth
response plateau has been achieved. Thus, in terms
of size response, the notable changes occur rapidly,
but plateau (reach an asymptote) after ~10 yr.
Use of RR indices and curve fitting
Response ratios (RR) may easily be calculated in
different ways, as demonstrated by our use of RRrecent
and RRmax. Despite the different origins of the 2 RR
indices (RRrecent: the most recent survey only; RRmax:
an average value calculated from all surveys) and
also their different properties (RRrecent: independence
of data points; RRmax: non-independence of points
leading to pseudo-replication), both tended to give
very similar results. RRrecent was surprisingly informa-
tive given its limited power to detect significance
(low degrees of freedom because one RR value per
study). We employed 3 different best fit approaches
(parametric linear and non-linear, rank linear) to test
for a relationship between RR and MR age or area
for each biological response. This is a powerful ap -
proach in the absence of a priori knowledge about
the biological response to MR protection, and pro-
vides new insights into the trajectories of change that
we can expect for 2 target species. Although in all
cases except one the best line relationship was curvi-
linear, the goodness of fit (as judged by the correla-
tion coefficients) for the linear functions was only
fractionally less than that for the non-linear func-
tions. Thus, in terms of predicting or modelling bio-
logical responses, it is reasonable (at least for these 2
species and presumably other species with similar
life-history characteristics and histories of extractive
use) to employ a linear function, which is simple to fit
and more easily understood and interpreted in a bio-
logical sense. The consistency of outcomes across
both analyses (2 different RR indices and 3 different
curve-fitting approa ches) provides some degree of
confidence in the inter pretation of the quantifiable
biological responses of blue cod and rock lobster to
protection in NZ.
Direct comparison of the RRrecent values with the
Hedges’ g values for species-specific responses
revealed that 3 of 4 comparisons had positive slopes,
and 2 of 4 comparisons were borderline statistically
significant (0.05 > p > 0.04), suggesting that a linear
relationship may exist between the 2 indices (Fig. 5).
Given that both metrics are measuring the compara-
tive biological response inside versus outside the MR
in question, one might reasonably expect that a (lin-
ear) relationship exists between them. However,
when the data for both species and both biological
measures were combined, the relationship between
RRrecent values and Hedges’ g values was positive but
not statistically significant (p = 0.206, n = 27) or
slightly negative when one point heavily influencing
the plot (RRrecent for rock lobster density at Cape Rod-
ney to Okakari Point MR) was removed (p = 0.212,
n = 26) (Fig. 6). Thus, overall, there is little to indicate
that a simple relationship exists between RRrecent val-
ues and Hedges’ g values. The reason for this is
because the RR values are calculated as a simple
function of mean size (density) inside versus outside
each MR; this ratio therefore is independent of any
estimate of variance. In contrast, Hedges’ g is calcu-
lated not as a ratio, but as an estimate of mean size
(density) inside minus mean size (density) outside the
MR and then divided by a pooled variance estimate.
The absence of a variance component in the RR sta-
tistic and the inclusion of a pooled variance compo-
nent in the Hedges’ g statistic therefore generates 2
indices that are largely independent. From a biologi-
cal perspective, it might be argued that the Hedges’ g
statistic is in fact more meaningful than the RR statis-
tic because its calculation includes the pooled vari-
ance estimate, thereby reflecting variability in size
(density), which is known to be ecologically impor-
tant. This apparent shortcoming of the RR index
could be addressed by taking an approach that in -
cludes a variance component (e.g. Lajeunesse 2011).
Use of the RR approach for assessing MR 
effectiveness
Meta-analyses based on Hedges’ g are computa-
tionally difficult to conduct (e.g. Berman & Parker
2002, Pande et al. 2008) when compared to other
approaches such as response ratios; they require
knowledge of sample variance that are often not
reported in the literature, and they also include steps
such as testing for differences in ‘effect size’, which,
if significant, will preclude the completion of the
meta-analysis. Whilst this latter step may be included
in a RR analysis (e.g. Mosquera et al. 2000, present
study), this is rarely done.
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Using a similar data set to that tested in the present
study, Pande et al. (2008) observed significant differ-
ences in ‘effect size’ in their meta-analysis of blue
cod and rock lobster size and density data. This
meant that data from the different studies could not
be combined to provide an overall significance esti-
mate of the effect that all MRs had on these species.
The significant differences in ‘effect size’ highlighted
the significant differential contribution that individ-
ual MRs had on size and density of both species
(although it was not possible to identify the nature of
that response), and also precluded the completion of
the analysis. In contrast, the RR analyses presented
here are less constrained because our testing did not
reveal a significant effect size, and have, as a conse-
quence, permitted us to contribute significant new
findings to the results of Pande et al. (2008).
Nonetheless, we recommend that all RR studies
should test for heterogeneity of the data set because
such heterogeneity points to the differential effects
across MRs, something that the researcher needs to
appreciate.
The meta-analysis of Pande et al. (2008) did not
identify either MR age or area as being significant
factors explaining the biological responses of both
species. The RR analyses presented here (Tables 2 &
3) have identified MR age, but not MR area, as being
important. The general concordance between the 2
analytical approaches is encouraging (notwithstand-
ing the importance difference identified above) and
suggests that the Hedges’ statistic approach and the
RR approach are equally valid. At the moment we
cannot know if this statement holds true for only our
NZ data set or for other data sets, but our comparison
indicates that further exploration of this is worth-
while. Given that the RR approach does not require
estimates of variance (which are often not provided
in papers), there is a clear advantage to using this
technique over the Hedges’ statistic meta-analysis
technique. However, the inclusion of a pooled vari-
ance estimate in the Hedges’ g index is likely to
reflect biologically significant information that is lost
in the present RR approach. Further investigation of
an RR index that incorporates variance estimates is
an approach that we recommend. Overall, there
appears however to be no loss of information when
using the RR compared to the Hedges’ statistic meta-
analysis, and the additional gain of information about
the effect of MR age is important, as is the ease of use
of the RR approach. In addition, we note that new
developments will help resolve some of the common
challenges faced when undertaking a meta-analysis
(Lajeunesse 2011).
CONCLUSIONS
Our RR analyses of blue cod and rock lobster data
from NZ MRs are consistent with a body of evidence
that indicates that MRs are having consistent and
positive effects on the density and size of protected
species. While we could not identify an effect of MR
area on biological responses, our results offer evi-
dence that at the national level MRs of all sizes can
generate positive biological responses.
We recommend that response ratio analysis should
be used in preference to the Hedges’ statistic meta-
analysis because it is easier (less time-consuming) to
employ, has fewer limitations, provides at least as
much information as Hedges’ statistic, and because its
results are easier to interpret. Consistent with an
 increasing body of evidence, this RR analysis and
the earlier meta-analysis based on Hedges’ g statistic
(Pande et al. 2008) illustrate that MRs support larger
and more abundant targeted species (in this case blue
cod and rock lobster) than non-reserve areas. We sug-
gest that the next important step in this line of investi-
gation is to determine why and how individual MRs
respond differently in their biological outcomes —
that is, to test why a significant ‘effect size’ exists.
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